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Abstract 
This research tests a series of research questions concerning relationships between size, 
shape (static adult scaling relations) and multivariate patterns of variation in brains of adult 
modern humans using in vivo measurements from magnetic resonance imaging (MRI) scans. The 
main research questions consider if patterns of adult human sub-cortical brain dimorphisms are 
driven by overall brain size differences between the sexes. 
Sex differences in absolute brain size in humans are well known.  There is a general 
consensus that male brains are larger in absolute size than female brains. However, discrepancies 
among studies in the presence and extent of dimorphisms indicate uncertainty the degree to 
which sexual dimorphism (SD) is spread throughout the brain, particularly within sub-cortical 
structures. Therefore, to address the problem of SD, this project 1) tests brain size variation and 
scaling relationships in sub-cortical structures between adult human males and females, 2) tests 
these in younger and older age categories and 3) tests the degree to which sub-cortical brain 
components covary in size.  
This study includes two groups of right-handed, native English speakers recruited from 
the Champaign-Urbana community. These data represent 189 healthy individuals, consisting of 
four sex and age categories: younger men (n=18), younger women (n=23), older men (n=50), 
and older women (n=98). Younger individuals ages range from 18-35 years, and older 
individuals ages range from 50-80 years. The individuals involved in this project were originally 
recruited for a study on the effects of exercise and aging on cognition (Colcombe, 2004; 
Erickson et. al., 2004), and were screened for psychiatric illness prior to participation. 
The results presented here support the hypothesis that sex differences in sub-cortical 
structures relative to total brain volume are moderate to non-existent between males and females 
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both in the younger and in the older age groups. Bivariate results indicate two possible patterns 
of allometry: significant positive allometry with the use of a reduced major axis regression, or 
allometry supporting a generally isometric to negatively allometric with the use of an ordinary 
least squares regression. Both results are described. 
Multivariate results (principal components analysis) of the combined sample indicate size 
plays a large role in explaining the variation in the data, with other factors offering substantial 
contributions. On explanation is that patterns of variation in the second and perhaps third 
principal components might be the result of developmental and functional relationships among 
sub-cortical structures. The main differences between the older and younger age categories is a 
higher correlation among regions in the younger category, lending some support to the idea that 
an extended human lifespan may lead to a breakdown in correlation structure as we age.  
Reduced major axis regression and ordinary least squares regression offer two 
alternatives to understanding scaling of sub-cortical structures in the brain. OLS results are in 
line with expectations of scaling patterns. Issues of sample size are important to the 
interpretation of results in this study, and are discussed. The effects of developmental processes 
on adult brain size are described throughout the thesis. In particular, gonadal hormones such as 
estrogen and testosterone have been hypothesized to result in larger or smaller structures in each 
of the sexes. The potential impact these hormones have on sex differences in the brain and on 
behavior support the idea that hormones may play a large role in determining differences in 
function, and that may or may not result in measurable differences in brain volumes. Finally, 
implications of this study and avenues for future research are discussed. 
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Chapter 1. Introduction 
This dissertation investigates patterns of size variation in the adult human brain in order 
to better understand brain size variation between the sexes, how the size of sub-cortical 
structures change as we age, and the degree to which sub-cortical structures covary in size.  
Specifically, this research tests a series of research questions concerning relationships between 
size, shape (static adult scaling relations) and multivariate patterns of variation in brains of adult 
modern humans using in vivo measurements from magnetic resonance imaging (MRI) scans. The 
main research questions consider if patterns of adult human sub-cortical brain dimorphisms are 
driven by overall brain size differences between the sexes. 
Because the brain is an organ that has undergone its own unique set of changes during 
hominin evolution (i.e. rapid expansion) relative to other body size variables (Leigh, 2007, 2003; 
Rilling and Insel, 1999; Holloway, 1980), along with cytoarchitectonic changes such the 
presence of a larger number of mirror (von Economo) neurons relative to other great apes 
(Allman et al., 2010, 2002; Semendeferi et al., 2010), the human brain is of great interest in 
terms of evolutionary constraints and adaptation. Additionally, sexual dimorphism (SD) poses a 
variety of problems in investigations of size and shape differences in human brains. In a 
proximate sense, sex differences in regional brain size and shape may correlate with cognitive 
abilities and susceptibility to disease (Arnold, 2003), but these patterns are not entirely 
predictable in men and women (Allen et al., 2005, 2003).  In an evolutionary sense, sexual 
dimorphism typically results from selective processes that are often antagonistic to those of 
natural selection (Andersson, 1994; Darwin, 1871) and despite developmental and genetic 
constraints on the evolution of SD (Delph, 2005; Andersson, 1990; Lande, 1979; Fisher, 1930).  
In addition, it is well known that selection acting on body size alone can impact the size of 
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another region such as overall brain size (Lande, 1979), thereby resulting in sexual dimorphism 
of homologous traits.   
Sex differences in absolute brain size in humans are well known.  There is a general 
consensus that male brains are larger in absolute size than female brains (Peters et al., 1998; 
Dekaban and Sadowsky, 1978; Pakkenberg and Voigt, 1964). However, an important question 
remains as to the degree to which dimorphism is spread throughout the brain. Some researchers 
have suggested that female brains are simply scaled down versions of male brains, while others 
argue that female brains are smaller than male brains even when some overall measure of size 
such as height or weight is taken into account (see Peters et al., 1998, but see Falk et al. 1999, 
and references therein).  Still others have found that females have heavier brains than males 
relative to body weight (Dekaban and Sadowsky, 1978). Additionally, questions that consider the 
degree to which size-related changes occur as we age (Allen 2005, 2003; Raz et al., 2003) and 
whether there is an adult size “endpoint” or “highpoint” when investigating scaling relations in 
adult brain size, are worthy of exploration.  
Investigations of higher-level brain functioning and evolution have tended to focus on 
areas within the cortex (Koziol and Budding, 2009; Rakic, 2009; Geary and Huffman, 2002) as 
our uniquely human ability to think and control our behavior is considered to reside almost 
exclusively in the neocortex (Neill, 2007; Geary and Huffman, 2002). Although many studies 
have examined sub-cortical regions, they have done so from a proximate perspective, taking a 
clinical approach with the goal to better understand “normal” brain volumes in order to better 
understand and diagnose pathology and mental decline (e.g., Courchesne et al., 2000). Studies 
have focused on individual regions including the hippocampus (Suzuki, 2005), amygdala 
(Bickart et al., 2011; Brabek et al., 2009), thalamus (Tuohy et al., 2004), and regions within the 
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basal ganglia (Gunning-Dixon et al., 1998) to the exclusion of others. These studies have all 
provided valuable insights into our understanding of sex differences in the human brain. 
However, it is also not clear how sub-cortical structures vary in terms of scaling between adult 
males and females. Although the sub-cortex is an area where sex differences are argued to exist, 
there are discrepencies among studies as to the presence and extent of dimorphisms based on 
methodologies used and sample size (Goldstein et al., 2001; Bickart et al., 2011). Because of the 
increasing understanding of the pivotal role these structures play in cognitive functioning in 
humans, I extend these studies by investigating numerous regions together with normative data 
in a large dataset of healthy adults.  
Sub-cortical structures play vital roles in relaying information to and from higher cortical 
regions and to other regions of the brain. In addition, they are considered to be an evolutionarily 
older, and therefore more conserved, part of the brain (Koziol and Budding, 2009; Streiter, 2005). 
However, numerous researchers suggest that the size and function of at least some of these 
regions indicate that they may not be as primitive as previously assumed (Lenroot and Geidd, 
2010; Koziol and Budding, 2009; Allen, 2009; Allen et al., 2002, 2005; Armstrong, 1990, 1981). 
Questions concerning scaling within the sub-cortex may help address how sub-cortical structures 
vary in response to differences in overall brain size, sex, and age in the adult human brain, 
thereby providing us with an understanding of the role size plays in cognition in adult males and 
females, and the constraints and variation affecting brain size and shape. 
An ensuing debate in the literature is whether or not changes in brain size across taxa 
occurs in a tightly constrained manner (Finlay, 2010; Reep et al., 2007; Finlay et al. 2001; Kaas 
and Collins, 2001; Finlay and Darlington, 1995), or whether changes in brain size tend to operate 
in a mosaic fashion by altering the size of one structure without a concomitant change in another 
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structure (Weisbecker, 2009; deWinter and Oxnard, 2001; Barton, 1998). This evolutionary 
argument can be applied intra-specifically as well (O’Brien et al, 2006). For example, it is 
possible that 1) regions that are developmentally and functionally linked may be more tightly 
correlated with one another than with overall brain size, 2) specific sub-cortical structures may 
experience a size increase due to selection for increased size for a function or a specific set of 
functions, and/or 3) the size of the sub-cortices may be driven by an increase in overall brain 
volume.  Determining the pattern of sexual dimorphism in the sub-cortices is central to our 
understanding of human cognitive adaptations, constraint, and variation. For example, one of the 
benefits of conducting this type of analysis is that once scaling patterns for regions within the 
sub-cortex are determined, we might then be able to extrapolate back along a measure of 
absolute brain size in order to infer possible sizes of brain regions in our hominin ancestors. 
There are numerous reasons why an exploration of sex differences in brain regions is of 
fundamental importance to studies on cognition, behavior, and evolution. These include the 
understanding that behavior is the product of brain functioning, and therefore the brain is the 
target of selection that governs behavior. Also, brain functioning can be the product of selection 
on primary sex differences. 
Sex differences in brain morphometrics in the adult form can reflect patterns of change 
that occur during ontogeny, during adulthood, and as a result of selection on body size, brain size, 
or specific brain regions. Although there is not a 1-to-1 correspondence between size and 
function, a common assumption is that if we observe a relatively larger (or smaller) size of a 
measureable trait, then that trait has been selected for and that there exists a functional correlate 
to this change in size (Streidter, 2005).  If true sex differences in the size of brain components 
exist, as determined through ratios, relative size, or patterns of correlation amongst traits, then it 
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is assumed that evolutionary processes (natural or sexual selection) have produced these 
differences.   
Therefore, to address these questions, this project adopts numerous statistical and 
analytical approaches to investigate consequences of size and shape on the patterns of sexual size 
dimorphism in the adult and aging brain. In general, the expectation is that size and shape are 
correlated in the brains of men and women.  In order to elucidate patterns of sexual dimorphism 
in the human brain, this project will test 1) brain size variation in sub-cortical structures between 
adult human males and females using MRI data on healthy, non-pathological, living individuals, 
2) sex differences in patterns of change in sub-cortical structures in the aging brain, and 3) the 
degree to which sub-cortical brain components covary in size.  Specifically, this research tests a 
series of research questions concerning relationships between size and shape (static adult scaling 
relations) in brains of adult modern humans using in vivo measurements from magnetic 
resonance imaging (MRI) scans. The main research questions consider how patterns of adult 
human sub-cortical brain dimorphisms are related to overall brain size, aging, and potential 
developmental and functional constraints present in neurological systems as measured by volume.  
Finally, the results from the analyses will be used to explain probable causes and consequences 
of sexual dimorphism in the human brain in the context of human evolution. 
This research is of fundamental importance because current research on brain volumetrics 
reveals conflicting results about human brain dimorphisms.  Although it is apparent that 
dimorphisms are not homogeneously spread throughout the brain, studies are also notably 
inconsistent in the direction and extent of dimorphism. Some volumetric studies conclude that 
males have larger brain regions relative to females (Gur et al., 1999; Filipek et al., 1994). Others 
find few or no differences (Nopoulos et al., 2000), and still others conclude that female brain 
6""
components are larger (Schlaepfer et. al., 1995).  Some of these distinctions likely stem from 
differences in regions of interest measured, as well as methodological disparities (i.e., resizing 
scans into a standardized space vs. manual tracing, etc.).  However, problems such as an 
overemphasis on the use of simple ratios (proportions) (Smith, 2005), measuring relative size 
while ignoring proportional differences (Nopoulos et al., 2000), or looking at raw size values 
without making adjustments for overall brain size differences between the sexes when 
investigating particular regions (Carne, 2006), confound interpretations and prevent comparisons 
across studies. 
In order to elucidate patterns of sexual dimorphism in the human brain, the goals of this 
project are: 1) To analyze absolute brain size differences (of total brain and sub-cortical structure 
volumes) between adult human males and females using MRI data on healthy, non-pathological, 
living individuals, 2) to utilize bivariate allometric methods to examine size and shape 
relationships in the brain to test if shape similarities and differences are consequences of overall 
brain size differences between the sexes, 3) to use multivariate approaches in testing for patterns 
of size and shape relationships, such as whether males and females can be separated based on 
patterns of size in sub-cortical structures. Finally, 4) the results from the analyses will be used to 
explain probable causes and consequences of sexual dimorphism in the human brain in the 
context of human evolution.  
This study focuses total brain volume and seven sub-cortical structures, including the 
nucleus accumben, amygdala, caudate nucleus, hippocampus, pallidum, putamen, and thalamus. 
These measurements were acquired through an automated segmentation program available 
through FSL 4.1, written by the Analysis Group, FMRIB, Oxford, UK 
(http://www.frmib.ox.ac.uk/fsl/index.html).  
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 This dissertation is comprised of several parts. Chapter 2 provides background 
demonstrating that sexual dimorphism in sub-cortical structures in the human adult and aging 
brain still presents an unresolved series of questions. It reviews theoretical and empirical 
analyses on sexual dimorphism in the human brain.  Chapter 3 is a description of the hypotheses 
tested in this thesis, and provides an explicit model of allometric expectations. Chapter 4 
provides a description of the materials and methods used for measuring structure volumes used 
in subsequent chapters. Chapter 5 provides a description of the results from the univariate, 
allometric, and multivariate analyses. The results from this study provide evidence to suggest 
that the main difference between the sexes can be attributed to size as males appear to be scaled 
up versions of females, with a few exceptions. The multivariate analysis generally supports the 
results from the descriptive and bivariate analyses that the majority of the variation in the data 
can be attributed to size; however, other contributors to the variation in the data such as 
functional and developmental relationships among regions are discussed. Chapter 6 discusses the 
results in the context of previous studies. Chapter 7 describes the implications and potential 
avenues of this analysis on future research project. Finally, Chapter 8 concludes the thesis with a 
discussion of answers to questions asked along with a discussion of questions that were left 
answered by some of the shortcomings of the current project. 
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Chapter 2. Background 
The main focus of this study is to investigate size-related sex differences in the human 
brain. Therefore, in this chapter I briefly review sexual selection theory and one of the major 
phenotypic outcomes of sexual selection: sexual dimorphism. I also discuss allometric 
approaches to the study of sexual dimorphism in the size of features of organisms, and how this 
approach has been applied to studies involving sexual dimorphism in brain size in humans.  
 
2.1 Sexual Selection Theory and Sexual Dimorphism 
The essential measurable component of success of every organism is reproduction, or 
whether or not our genes are passed on to the next generation, either half of our genome through 
offspring or to a lesser extent through kin (Delph, 2005; Andersson, 1994).  Selection operates 
by several different modes to achieve this. Sexual selection, which can be considered to be a 
particular kind of natural selection, along with fecundity or viability selection (which many term 
“natural selection”) (Delph, 2005), are the main selective forces evoking phenotypic change 
within a species (Darwin, 1871).  
Sexual dimorphism (SD, or alternatively, sexual size dimorphism, SSD) is a widespread 
phenomenon that has commonly been thought of as the result of sex-specific patterns of natural 
and sexual selection (Darwin, 1871; Andersson, 1994; Fairbairn, 1997; Baydaev et al., 2001). 
Sexual dimorphism is one of the most prevalent patterns of phenotypic variation observable in 
the natural world (Delph, 2005), and can have a broad impact on behavioral, developmental, and 
life history strategies, with selection acting on size and driven by the differential reproductive 
roles performed by males and females (Andersson, 1994).  
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Sexual dimorphism in primates is evident in physical characteristics such as body size 
measures of skeletal features and canine size, as well as physiological, life-history, and 
ecological traits (Smith, 1999), such as basal metabolic rate, home range, age at reproductive 
maturity, and diet (Smith, 1999; Stearns, 1992; Harvey et al., 1991). These can enhance or 
inhibit evolutionary increases in brain size across taxa (Barton and Capellini, 2011; Leigh, 2004).  
In this project, the term ‘sexual dimorphism’ describes secondary sex characteristics (traits that 
are not specifically related to reproduction) (Darwin, 1871) that vary in size, shape, or size and 
shape between the sexes (following Plavcan, 2001).  In contrast, primary sex characteristics are 
traits that are typically present at birth and directly involved in reproduction, such as ovaries and 
testes (Noonan et al., 2003).  
Initially, sexual dimorphism posed a challenge for Darwin due to his observation that 
some traits (often found in males) had no intuitive relationship to survival or viability 
selection.  Instead, such traits were often flamboyant, whimsical, and changeable (e.g., a 
peacock's train, stalk-eyed flies, and antlers, respectively), For Darwin, the presence of sexually 
dimorphic traits posed a problem with respect to the basic tenets of natural selection--that 
naturally selected traits are generally functional, economical and immutable.  He struggled with 
the idea that if natural selection optimizes traits, then how could the two sexes be different. As 
these traits do not seem to have an adaptive advantage when natural selection is optimized, he 
argued that differences in reproductive (behavioral) strategies of males and females, such as 
competition over mates, would lead to extreme differences in characters.  The general answer, 
hinted at above, is that such extreme traits do not exist because they contribute to survival, they 
exist because they contribute to mate acquisition and mate choice, even if they are deleterious to 
survival (Fisher 1930). He proposed the theory of sexual selection to explain these ideas. Sexual 
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selection operates by two main mechanisms: 1) between members of the same sex (intra-sexual 
selection), and 2) selection resulting from choice (inter-sexual selection). These processes can be 
further delineated into male-male competition, female-female competition, female mate choice, 
and male mate choice (Andersson, 1994).  
Males and females of a given species are fundamentally different in the amount of 
investment given to offspring, namely in the form of sperm and eggs through anisogamy (Trivers, 
1972; Bateman, 1945). In primates this often results in differences between the sexes in potential 
reproductive rates, life history strategies, and physiological investment in reproductive resources 
such as gestation, lactation and offspring care (Lawler et al., 2005). As a result, the manner by 
which males and females acquire reproductive access to the opposite sex frequently differs 
(Andersson, 1994; Smuts, 1987). Since reproduction is a major component of fitness, one might 
argue that if male success in contests with conspecifics is important in determining mate 
acquisition, then morphological change can be expected to occur by sexual selection (Lawler et 
al., 2005; Andersson, 1994). This is either measured indirectly through behavioral or 
morphological comparative studies (Plavcan and van Schaik, 1997; Kay et al., 1988), or by 
directly measuring the impact of selection on the phenotype (Lande, 1980). 
Theoretically, sexual selection should have a greater impact on conspicuous male traits 
than on female traits (Andersson, 1994; Trivers, 1972), and should impact polygynous species 
more than pair-bonded species (Kappeler, 1997). For example, mandrills (Mandrillus sphinx) are 
highly dimorphic in body size (Leigh, et al., 2008), and canines can be twice as large as females, 
whereas canine size in gibbons is non-dimorphic (Thoren, 2006). In primates, both female choice 
and male-male competition affect sexual dimorphism. In particular, sexual dimorphism typically 
includes male body size (height and weight), fat distribution, canine size, pelage and skin 
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coloration, locomotor elements, and testes size/volume (Chism and Rogers, 1997; Berkovich and 
Nurnberg, 1996; Sauther, 1991; Moller, 1988; Leutenneger and Kelly, 1977). When intraspecific 
competition is relatively low, one might expect lesser degrees of sexual dimorphism, because in 
general sexual dimorphism can be quite costly, both physiologically and in fitness terms (Stumpf 
et al., 2011; Andersson, 1994).   
Monogamy, or more precisely, species that exhibit a monogamous mating system 
wherein a male typically defends and mates with a single female (Bartlett, 2003), appears to be a 
major mode by which the sexes maintain phenotypic similarity in primates (Kappeler, 1997; 
Andersson, 1994). Factors associated with monomorphism in primates include reduced 
competition for resources such as food or mates, and reduced intrasexual competition with the 
associated costs (i.e., loss of rank, infections, injury, and death). Although potential fitness 
(lifetime reproductive success) is lower for monogamous males, predictability of reproducing is 
higher (Andersson, 1994; Trivers, 1972). In humans and other mammals, males who practice 
serial monogamy are on average more reproductively successful than males who practice 
perennial monogamy (Fisher, 1992). Generally, females tend to have the same potential fitness 
regardless of mating strategy because the main limitations on female fitness are the length of the 
inter-birth interval and reproductive lifespan. One caveat to this argument is that if a species is 
currently monogamous but evolved from a sexually dimorphic ancestor, sexual dimorphism can 
be maintained due to phylogenetic inertia (Cheverud et al., 1985, Clutton-Brock and Harvey, 
1977). 
Modern humans present an interesting case in this regard as we demonstrate every form 
of mating strategy, and this varies across cultures (Schmitt, 2005; Mealey, 2000). Humans are 
also not very dimorphic relative to other large-bodied ape species in terms of body length (with 
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the exception of chimpanzees). For example, in humans, males are about 10% larger than 
females in height, and this degree of dimorphism remains relatively constant across different 
human populations (Rogers and Mukherjee, 1992). However, different areas of the body express 
differing degrees of dimorphism, depending on the region measured. These include body length, 
mass, canine size, 2-d/4-d digit ratio, and brain size (Putz et al., 2004: Allen et al., 2003; Peters 
et al., 1998; Plavcan and van Schaik, 1997b). The ancestral anthropoid is likely dimorphic 
(Fleagle et al., 1980), but there is also some debate as to the degree of dimorphism in the putative 
ancestors to modern humans, the australopithecines. McHenry (1991) argued that the degree of 
dimorphism was lower than gorillas and orangutans but higher than chimpanzees and modern 
humans. However, the patterns of dimorphism change when looking at other body size variables 
such as body weight.  Leigh (1992) found the ratio of male to female body weights in P. 
troglodytes and P. paniscus at 1.27 and 1.38, respectively. Others have argued that 
australopithecines shared similar degrees of dimorphism with modern gorillas and orangutans 
(Gordon et al., 2008), whereas Lovejoy and colleagues have argued that A. afarensis was no 
more dimorphic than humans (Reno et al., 2009).  
The degree of dimorphism present in our ancestors in important as it can affect the 
amount of dimorphism present in modern Homo. This is because numerous forces are acting to 
produce sexual dimorphism in organisms. These include (but are not limited to) natural selection 
(Cheney and Wrangham, 1987; Milton, 1985), phylogenetic inertia (Cheverud et al., 1986, 1985), 
selection on correlated characters (Lande and Arnold, 1983), and non-selective allometric 
responses to evolutionary changes in body size (Leutteneger and Cheverud, 1985, 1982) – all of 
which can be as powerful as, or more powerful than, sexual selection in explaining patterns of 
sexual dimorphism in primates (Richard, 1992). 
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2.2 Size, Scaling, and Allometry 
Genetic and environmental factors act to modify growth processes affecting the adult 
form resulting in phenotypic variation within populations (Somers, 1986; Wright, 1932). One of 
the ways researchers have approached a study of this variation is through partitioning out size 
and shape (allometry). Size is generally regarded as an essential aspect of the biology of an 
organism that influences anatomy, physiology, behavior, and life history traits (Jungers, et al., 
1995; Fleagle, 1985; Schmidt-Nielson, 1984; Bonner, 1982; Haldane, 1926). The long-standing 
interest in problems of allometry is that variation in size and shape has morphological, 
physiological, taxonomic, cognitive and behavioral implications (Leigh, 2004; Deacon, 1990; 
Schmidt-Nielson, 1984; Bonner, 1982; Pilbeam and Gould, 1974; Huxley, 1932).  
Size is a measure based on mass, weight, height, volume, or some other comparable 
quantitative measure, and the choice of a relevant size measure for standardization is of 
fundamental importance (e.g., overall brain size vs. body size) (Gould, 1966). For example, 
standardizing the size of white matter to total brain volume makes more sense than standardizing 
to body weight as the correlation between white matter and brain size is inevitably higher than to 
body weight. Shape is a geometric description of how an object occupies space with the example 
that the dimensions of an object can change with an increase or decrease in size (Gayon, 2000). 
The study of the phenomenon of shape change is also called scaling, or allometry.  
Allometry concerns itself with the structural and functional consequences of changes in 
size and shape among organisms (Thompson, 1917; Huxley, 1932; Gould, 1966, 1971; Schmidt-
Nielson, 1974; Fleagle, 1985). In other words, organisms of various sizes differ in their 
proportions in relation to changes in surface area and volume.  Deviations from the expected 
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patterns of relative growth or adult size may suggest adaptation or selective pressures acting on a 
particular region.  However, size can also be an adaptation along with the expected patterns of 
shape change.  It is the scaling patterns of isometry (i.e., geometric similarity defined as no 
change in shape in relation to a change in size) versus allometry (i.e. change in size with a 
concomitant change in shape) that first need to be determined in order to understand the 
consequences of size changes in organisms. 
The study of morphological variation in size and shape has had a long history stemming 
from the work of Huxley (1932) and his predecessors (Teissier, 1928; Thompson, 1917; Snell, 
1892), and attempts to understand the issue that many animals face— that as organisms enter 
into differing size ranges either due to selective processes or to drift, they often need to 
compensate for a change in size by a concomitant change in shape (i.e., allometry). Biological 
explanations arising from size and shape variation have supported two competing notions: that 
when selection acts to evoke size change in a population, often a change in shape is required in 
order for the larger (or smaller) organism to behave similarly, or alternatively a change in shape 
is a reflection of an adaptation to changing environmental conditions wherein a behavioral 
change accompanies the morphological shift in shape (Leigh et al., 2003; Biknevicius and Leigh, 
1996; Pilbeam and Gould, 1974).  This implies allometry can act both as a constraint on 
evolutionary change (Egset et al., 2012; Bonduriansky, 2007; Cheverud, 1982; Lande, 1979; 
Huxley, 1932) and as a pattern between traits reflecting novel changes in organisms (Schmidt-
Nielson, 1984). 
Allometry looks at scaling relationships between a trait of interest and a trait considered a 
measure of overall size. This relationship between trait and size variables can be described by the 
power function Y= aXb, where Y is the size of the trait and X is the size of the larger feature (e.g., 
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body size or brain size), a is the allometric constant and b is the allometric coefficient (Gould, 
1966).  This equation can be log-transformed to log(Y) = log(a) + blog(X), where b is the slope 
and a is the y-intercept. The relationship between trait size and overall size is isometric when the 
slope is equal to 1 (b=1) and there is no change in shape with an increase or decrease in the size 
of an organism (Mosimann, 1970; Gould, 1966). Positive (b>1) and negative (b<1) allometry 
occur when an increase or decrease in the size of a trait occurs more or less than the overall size 
measure. In positive and negative allometry, the shape of an organism changes with a change in 
overall size (Pilbeam and Gould, 1974; Huxley and Tessier, 1936).  
The notion that static adult allometries are remarkably stable in different organisms is 
hypothesized to be due to adaptive constraints on evolution (Pilbeam and Gould, 1974; Huxley, 
1932). It is held in general agreement that the allometric intercept is more variable than slope; 
therefore selective forces more easily can affect change in the intercept compared with the slope 
(Egset et al., 2012; Bonduriansky, 2007). As proportional growth may be under strong internal 
constraints with little adaptive significance (Huxley, 1932), negative allometry may be the 
expected scaling relationship for a great number of features, including sexually selected traits 
(Bonduriansky, 2007).  
However, others have argued that the slope can also be variable and may suggest 
different kinds of selection pressures. For example, Egset et al (2012) have argued that positive 
allometry may be indicative of sexual selection, whereas negative allometry may reflect neutral 
or stabilizing selection. Evidence from species that do not exhibit extreme sexual dimorphism 
also suggests that some sexual traits can be isometric and negatively allometric, while some 
nonsexual traits can be positively allometric (Bonduriansky, 2007). These different lines of 
argument complicate interpretations of slope differences between the sexes. Therefore, when 
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measuring degree of allometry in related organisms, one must be careful in not always assuming 
differences are inherently due to sexual or natural selection. 
Aspects of human brain anatomy may or may not be considered to be sexually selected 
traits, as the behaviors stemming from differences in brain anatomy between the sexes may 
simply be due to differences in size, in hormones, or secondary factors resulting from 
developmental differences between the sexes, with little or no impact on relative fitness. 
Therefore, differences between the sexes in neural anatomy may be due to processes of sexual 
selection, natural selection, neither, or both. The present study cannot directly answer these 
questions, yet the various possibilities are worthy of consideration. The study here can address 
patterns and sex differences in size and shape of sub-cortical structures, but cannot answer 
questions relating to the selective processes resulting in brain dimorphisms, if present.  
An allometric approach as applied to sexual size dimorphism in the human brain enables 
tests of the (isometric) hypothesis that males and females share common patterns of brain shape 
despite differences in overall brain size.  Morphometric investigations involving brain size and 
shape relationships that lack an allometric component may misinterpret the adaptive and 
functional significance of similar organisms of different sizes because selection acting primarily 
on body size or overall brain size can lead to different versions of the “same” (neuroanatomical) 
animal (Leigh et al., 2003; Pilbeam and Gould, 1974).  
In studies of brain morphology, numerous researchers have argued that scaling factors 
predominately determine the relationships among body size, brain size, and structures within the 
brain both within and between taxonomic groups (Zhang and Sejnowski, 2000; Finlay and 
Darlington, 1995; Lande, 1979; Jerison, 1973; Gould, 1966; Huxley, 1932).  However, there can 
be deviations from this general trend, particularly within a single species (Lande, 1979).  For 
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example, Allen et al. (2003) found that males are larger than females for nearly all regions 
examined (total volume, gray matter and white matter volume of the cerebral hemispheres, 
frontal temporal, parietal, and occipital lobes, cingulate gyrus, and insula).  However, in their 
study, gray matter/white matter (GM/WM) ratios were significantly higher in women compared 
with men.  
 
2.2.1 Methodological issues in studies of allometry 
In order to address sex differences in the human brain, decisions about how to approach 
scaling need to be considered. Several methods have been approached and discussed in the 
literature, and the three main methods will be reviewed here.  
 
2.2.1.1 Descriptive statistics: ratios and proportionality 
One of the methods of approaching scaling has been to measure proportional differences 
in sets of related traits among organisms. Proportionality is one way in which shape is 
investigated in studies of allometry. Two organisms are considered to have equal proportions 
(isometric) if their traits a/b=c/d, where a with b and c with d are homologous traits (Smith, 
2005). In allometric studies of brain size relationships, male and female brains are considered to 
be the same shape if the ratios of brain component to whole brain size are equal (same 
proportion) (Leigh, 2003).  
This method is not without its critics, however, as one can see that simply by taking the 
ratio of the mean of two traits gives information about how the means of one group relate to 
another, but miss information one can extract through the slope and position of the slope in a 
bivariate plot relative to another population or species. However, simple ratios leave out 
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important information, such as whether the size and shape trajectory is associated or dissociated   
between males and females, and the amount of variation that exists in the dataset (see Chapter 3 
for a more in-depth discussion). 
Ratios have been argued to be highly problematic for a number of reasons, namely the 
confounding effect of using a two-dimensional (linear) measurement such as height with a three-
dimensional measurement such as volume in ratio (Smith, 1999). In studies of regional brain size 
relative to whole brain or cerebral volume avoids this problem. 
 
2.2.1.2 Bivariate allometry 
Another traditional way of assessing scaling relationships, such as the relationship 
between brain size and body size, is to use a log-transformed linear equation. If the correlations 
are low (or non-significant), or if the model works for only one sex and not the other, then there 
are several possibilities one may consider. Firstly, it may be that there is no true linear 
relationship between variables of interest, and therefore one should not expect a significant 
relationship.  
In this instance, the relationship may be diluted by sources of variation that are not 
included in the model (e.g. age, handedness, diet, height, weight, etc.). Once these variables are 
modeled, then one could expect to see a significant relationship. Also, an ANCOVA (analysis of 
covariance) can be performed on a one-way or two-way ANOVA (analysis of variance) by 
adding an additional variable as a covariate (Box et al., 1978). A covariate is a source of 
variation that has not been controlled for in the design of the experiment, but which does affect 
the dependent variable.  This may be useful in cases in which the model only works for one sex 
and not the other.  For example, Nopoulous et al. (1997) investigated sex differences in regional 
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brain morphometry in schizophrenics using ANCOVA. They used diagnosis and sex as the 
between-individual factors, and height as a covariate for all regions measured.  In this way, they 
were able to account for possible variation between the sexes due to height, since height has been 
shown to correlate with overall brain weight in humans (Holloway, 1980; Dekaban and 
Sadowsky, 1978; Pakkenberg and Voigt, 1964).  
Reduced major axis (RMA, also called Standardized Major Axis or Type II) regression is 
a typical way in which allometric relationships are investigated. RMA fits regression lines 
through bivariate plots of a trait of interest on a larger measure of size (i.e., total brain volume 
and the geometric mean (GM) of sub-cortical structures). The expectation of isometry is met 
when the measures of sub-cortical structure volume are regressed against a measure of overall 
size (i.e., total brain volume or the geometric mean) and the slope is not significantly different 
from one. 
There has been a fair amount of discussion in the literature concerning the validity of 
using RMA regression over the more common usage of OLS (ordinary least squares) regression 
in allometric studies of sexual dimorphism (Smith, 2009, 2005, 1999; Martin et al., 2005; Sokal 
and Rolf, 1995; Green, 1999; Ricker, 1984; see also Hansen and Bartosek, 2012 and Fortsmeier, 
2011 for further discussion). RMA regression has the benefit of assuming statistical noise is 
distributed over both the x and the y axes (Fortsmeier, 2011; Smith, 2009, 1999; Martin et al., 
2005; Sokal and Rolf, 1995), and these are proportional to overall variances, where the slope can 
be calculated as the ratio of the standard deviations from the two traits of interest: b=(σY/σX), 
and alternatively by dividing the slope from an OLS regression by the correlation coefficient, r. 
OLS regression on the other hand, assumes error (noise) occurs only in the y-axis. With data that 
have error in both the x- and the y-axes, OLS produces characteristically shallow (or steep) slope 
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compared with the RMA regression results. Underestimation of slope in OLS increases with the 
amount of scatter above and below the regression line.  This can lead to potentially erroneous 
conclusions (Fortsmeier, 2011). As RMA regressions can also be inverted and give the same 
result and interpretation (Schluter, 1992), they are perhaps more applicable to studies with error 
in both x and y, which is common in biological traits.  
However, Hanson and Bartosek (2012) argue quite strongly for the use of OLS, and that 
reduced major axis regression should never be used to calculate allometric regression slopes. 
Their argument stems from the observation that there is a different between measurement error 
(measured as standard error of the mean), and what Hanson and Bartosek (2012) describe as 
biological “error”, which is not really error per se, but a “true biological deviance from the 
assumed model relationship” (p. 4)— in other words, biological variation. Because of these 
different perspectives on reduced major axis and OLS regression, both with strong proponents, 
comparing the resulting slopes from these two methods may provide a valuable comparison.  
 
2.2.1.3 Multivariate allometry 
As selection likely operates on sets of related traits rather than individual traits, theory 
predicts that traits that are developmentally and functionally linked likely evolve as a unit 
(Cheverud, 1996; Wagner, 1996; Wagner and Altenberg, 1996; Olson and Miller, 1958). 
Because of this, biologically meaningful patterns (perhaps due to functional and developmental 
processes or constraints) may be discernible in a multivariate context whereas they are not 
necessarily observable in the original data or through bivariate analyses (Shea, 1985; Oxnard, 
1978). 
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Multivariate techniques such as the multivariate expansion of the allometry equation 
serve to summarize patterns of morphometric variation in a set or sets of related characters 
(Darroch and Mosimann, 1985; Oxnard, 1978; Jolicoeur, 1963; Joliceur and Mosimann, 1960; 
Tessier, 1960). Through the use of principal components analysis (PCA), Jolicoeur (1963) added 
to the early work of Huxley (1932) and Tessier (1960) by describing the idea that the first 
principal component can be considered “size and size correlated shape” and the remaining 
principal components aspects of “shape.” This has been further expanded with the work of 
Mosimann and others (Lleonart et al., 2000; Biknevicius and Leigh, 1997; Cadima and Joliffe, 
1996; Jungers et al., 1995; Sunderberg, 1989; Somers, 1989, 1986; Darroch and Mosimann, 
1985; Shea, 1985; Mosimann and James, 1979). 
For example, Darroch and Mosimann (1985) demonstrated that canonical and principal 
components can be effective ways of discriminating between groups; with their examples 
demonstrating the separation of sexes in blackbirds and distinguishing between three species of 
iris. The goal of Darroch and Mosimann’s study was to separate sexes in blackbirds using the 
variables of interest, and to distinguish between three species of iris using four linear 
measurements: sepal length, sepal width, petal length, and petal width (Darroch and Mosimann, 
1985; Mosimann and James, 1979; original iris data from Anderson and used by Fisher, 1936). 
The results the two analyses were in strong contrast with one another.  In the blackbird example, 
the first principal component (size and shape) was the only way to discriminate between the 
sexes, and the second principal component (shape only) essentially grouped all the individuals 
together. In contrast, the second principal component effectively discriminated between the iris 
species.  Although PC1 gave quite similar results to PC2 for the iris dataset, PC1 was all that was 
necessary to distinguish between the three species.  These results indicate that blackbirds are 
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essentially isometric versions of one another, despite high size dimorphism. Based on the four 
linear measurements, the three iris species are differently sized and differently shaped.   
In conjunction with this approach, Jungers et al., (1995) tested alternative methods for 
determining isometry using various analytical approaches. They used two data sets—one broadly 
interspecific (cercopithecines) and one narrowly intraspecific (Native Americans).  They created 
two isometric versions of an individual from each set (iso-vervet and iso-Inuit), one scaled-up 
version from each dataset, and one scaled-down version for each dataset.  Their results indicated 
that four (out of 11) techniques correctly classified the iso-OTU’s (operational taxonomic unit). 
These 4 techniques all belonged to the Mosimann family of shape ratios (i.e. involving use of the 
geometric mean as a measure for overall size). Regression residuals did not correctly classify the 
iso-OTU’s. This is an interesting result, which supports the argument that Mosimann’s geometric 
framework should be incorporated in analyses involving scaling relationships if separation of 
size and shape components is desired.  
Principal components analysis has the potential to produce a better understanding of 
allometry. PCA with an allometric focus seeks to understand how changes in overall size may be 
driving overall morphology, and how shape variation (quasi-independent from size) may help to 
explain how different sets of evolutionary forces have acted on an organism. It uses eigenvalues 
and corresponding eigenvectors extracted from the covariance or correlation matrix to 
understand the relationships among variables in the data set. Eigenvalues should be interpreted as 
variance and are a set of scalars that can be defined as  
"Σ-λI"= 0 
where Σ is the variance-covariance matrix or the correlation matrix, λ is the matrix if eigenvalues, 
and I is the identity matrix. The determinant of this equation equal zero. When one extracts the 
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eigenvalues from the variance-covariance or the correlation matrix, the sum of the eigenvalues 
equals the total variance of the data set. In other words, the trace of the variance-covariance or 
the correlation matrix equals the sum of all eigenvalues extracted from them. The eigenvalues 
are distributed among the principal components to describe the amount of variance each 
principal component explains. The eigenvalues of matrix Σ can be denoted as  
λ1 ≥ λ2 ≥…. λp 
where λ1 is the largest eigenvalue, λ2 is the second largest eigenvalue, etc. Each eigenvalue of Σ 
has a corresponding eigenvector where 
Σa = λa 
and a1, a2, ….. ap denote the eigenvectors corresponding to eigenvalues λ1, λ2 …. λp for matrix Σ 
(Johnson, 1998). 
 Lastly, it is important to point out that in scaling analyses, no single analytical technique 
should be used to the exclusion of others, as each has its benefits and weaknesses. For example, 
PCA is an effective tool to look at variance in a data set, and finds commonalities based on the 
variance. However, in certain data sets, PCA may incorrectly classify groups. In such cases the 
interpretations may have no meaning (Johnson and Wichern, 1992).  Ultimately, any result is just 
an empirical description of the data that requires interpretation by the researchers. 
 
2.2.2 Allometry and Sexual Dimorphism in the Brain 
Numerous studies have investigated the allometry of sexual dimorphism in primates 
(Leigh, 2007, 2005, 1995, 1992; Frost et al., 2003; Leigh and Shea, 1995; Corner and 
Richtsmeier, 1993; Leigh and Cheverud, 1991; Leutenneger and Cheverud, 1985; Jungers, 1985; 
Shea, 1983).  These studies have found differential patterns of allometry depending on the 
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regions studied, species of interest, and whether the studies investigated ontogenetic, static, or 
evolutionary allometry.  For example, studies of dimorphism in primate brains have found 
differences between males and females in overall brain size (Falk, 1999; Holloway, 1980; Tobias, 
1975) and particular brain structures (Phillips et al, 2010; Schlaepfer et. al., 1995), with some 
conflicting evidence showing a lack of significant brain dimorphism in the great apes, including 
Gorilla gorilla, Pan troglodytes, and Pan paniscus (Bienvenu et al., 2011). Although there is still 
a scarcity of knowledge regarding how neuroanatomical structure varies with sex and age in non-
human primates due to small sample sizes and the limited accessibility of primates to MRI scans, 
numerous studies have demonstrated normal (i.e., non-pathological) sexual dimorphisms in the 
primate brain (Phillips et al., 2010; Allen et al., 2003, 2002; Nopoulos, 2000; Falk et al, 1999; 
Herndon et al, 1999; Holloway, 1980).  
For example, Falk et al. (1999) found, in a study of 83 rhesus macaques (Macaca 
mulatta) male and female brain to body weight least square regressions shared the same slope 
but with different intercepts (males larger), indicating that males and females perhaps achieve 
differences shape not through a change in slope, but through a shift in the y-axis. However, this 
point is not adequately discussed in their article. However, this shift in slope is interesting 
because a shift in the y-axis (shape change independent of change in size) has been hypothesized 
to be easier to achieve than a change in slope (Egset et al., 2012). In the Falk et al. (1999) study, 
sex remained a significant predictor of brain size when body weight controlled for. Their reduced 
major axis (RMA) analysis gave similar results. The results for the brain to body weight ratio 
was larger for females than for males (although not significant). These results were similar to 
those found in autopsied data on humans indicating the mean female (1252 g) to mean male 
(1392 g) brain weight to be 0.90 (male brain weight 10% larger than females). 
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Phillips and colleagues (2010), in one of the few studies investigating the influence of sex 
and age on the relative size of the sub-cortical structures in primates, present an ontogenetic 
study investigating the development of the basal ganglia in brown capuchins (Cebus apella). 
This study was conducted to determine the effects of sex and hemisphere in the development of 
the caudate, putamen, and globus pallidus—major constituents of the basal ganglia. Using 
multivariate analysis of variance (MANOVA), raw volumes were shown to significantly 
influence the combined dependent variables (caudate, putamen, and globus pallidus) (p=0.012). 
The caudate (p=0.04) and the putamen (p=0.043) were significantly influenced by the covariate 
age. Relative volumes (calculated by taking the percentage of basal ganglia nuclei to total brain 
volume) of the combined variables, and on the individual caudate and putamen were 
significantly affected by age. No effects of variables on sex or hemisphere were found, and the 
globus pallidus did not display age-related changes.  
 
2.2.2.1 Human brain dimorphisms 
Much of the research on human sexual dimorphism in brain size has been driven by the 
apparent physical and cognitive differences between the sexes and differences between younger 
and older individuals. Numerous studies document sex differences in adult brain structure 
(Cheng et al, 2009; Luders et al., 2009; Brun et al., 2009; Witt et al, 2009; Chen et al., 2007; 
Garcia-Falgueras et al., 2006; Allen et al., 2003; Goldstein et al., 2001; Sowell et al., 2002), and 
some of these size differences have been linked to cognitive differences between the males and 
females. Cognitive differences that potentially have a neuroanatomical basis are perhaps some of 
the most controversial (Leonard, 2008; Halpern, et al., 2007), and have been argued to be 
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consequences of selection (Geary, 2006), or the effects of culture and gender bias on early social 
influences on brain development in the young (see Halpern et al., 2007 for review).  
The controversy centers on the argument that the causes of some of these cognitive 
differences may result from differences between the sexes in overall brain volume or the size of 
regions of interest, as volumetric differences are often perceived to correlate with cognitive 
function and behavior (Halpern et al., 2007; Arnold, 2003). In a meta-analysis Deaner et al. 
(2007) concluded that in non-human primates the best predictor of cognitive abilities is absolute 
brain size. However, this relationship is not fully supported when comparing species across taxa. 
In humans, numerous studies link total brain volume to IQ, although the correlations range from 
weak to moderate. For example, VanLeeuwen et al. (2008) in a study of 112 9-year-old twin 
pairs found that the phenotypic correlation between total brain volume and IQ ranged from 0.20 
to 0.33, and the relationship between brain volume and intelligence (as measured by the 
Wechsler Intelligence Scale for Children-III) is predicted from a set of genes that influence both 
brain size and IQ. This supports prior research that found similar results in the correlation 
between brain size and IQ in MRI studies (McDaniel, 2005; Schoenemann et al., 2000; 
Andreason et al., 1993; Willerman et al., 1991). McDaniel (2005) demonstrated that the 
correlation between a population’s average brain mass and IQ in adults is estimated at 0.33. In a 
study of 40 college students, Willerman and colleagues found the correlation to be 0.51, and 
higher between males (r=0.65) than females (r=0.35). However, differences between the sexes in 
Van Leewen and colleagues’ study were unmeasurable as they lacked an adequately large 
sample size. While studies support a weak to moderate link between brain size and IQ test scores, 
brain size and specific cognitive measures are not strongly correlated (Schoenemann et al., 2000; 
Egan et al., 1994). 
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Genetically, it has been demonstrated that there is a significant genetic contribution to 
brain size (Pennington et al., 2000), whereas sulcal and gyral patterns such as those associated 
with handedness do not have as strong a genetic influence (Allen et al., 2004). Cranial capacity 
was found to be highly and significantly heritable (h2=0.60) in rhesus macaques (Cheverud et al., 
1990). In humans, overall brain volume is also highly heritable, ranging from 0.64 to 0.94 (see 
Miller and Penke, 2007, for review). Heritability estimates for various regions such as total 
cerebral volume and for the major lobes of the cerebrum range from 0.7-0.9 (Geidd et al., 2007; 
Peper, 2007; Baare et al., 2001).  In conjunction with these studies on humans, Rogers et al. 
(2007) work on non-human primates found the heritability of total brain volume in baboons to 
0.82, and 0.86 for the cerebral cortex, supporting the notion that heritability of brain size and 
brain components in human and non-human primates is highly heritable. 
Despite these arguments, the underlying causes and patterns of dimorphism in whole 
brain volume and neuroanatomical structures are unclear because the link between whole or 
regional brain structure volume and specific functions remains elusive (Carne et al., 2006; Allen 
et al., 2005, 2003).  
It is well known that males have absolutely larger brains than females. Numerous 
researchers have consistently found that male brains are ~9-12% larger than female brains, and 
that this relationship applies to autopsy (post-mortem) data as well as data based on MRI’s of 
living individuals. A sex difference in brain weight was first reported in 1880 (see Swaab and 
Hofman, 1984, for review).  Other such studies performed on autopsied remains followed 
(Holloway, 1980; Ho et al., 1980; Dekaban and Sadowsky, 1978; Pakkenberg and Voigt, 1964), 
all of which have come to the same general conclusion that the male-to-female brain weight ratio 
averages 1.10, a 10% difference. 
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In numerous studies, absolute brain size was found to be consistently larger in male than 
female brains in post-mortem data (Wittelson et al., 2006; Ankney, 1992; Ho et al., 1980; 
Dekaban, 1977; Pakkenberg and Voigt, 1964), in vivo imaging studies of adults (Carne et al., 
2006; Allen et al., 2002; Goldstein et al., 2001; Corchesne et al., 2000; Peters et al., 1998; 
Filipek et al., 1994; Andreason et al, 1993), and children (DeBellis et al., 2001; Geidd et al., 
1997). In adults, these differences were not accounted for by differences in body size (height or 
weight) (O’Brien et al., 2006; Witelson et al., 2006; Peters et al., 1998; Ankney, 1992; Ho et al., 
1980), meaning that when some measure of body size was accounted for either through the use 
of ratios or regression, males still have absolutely larger brains than females. 
MRI studies report that with no size adjustments, the brain is significantly larger in men 
than in women (Carne et al., 2006; Allen et al., 2002; Filipek et al., 1994).  For example, in a 
study of 46 normal, right-handed adults, Allen et al. (2002) found that males had significantly 
larger brains than women, and were 1.10 to 1.15 (10 to 15%) larger for the majority of brain 
regions measured (gross measures with no size adjustment), a finding that is congruent with 
other MRI studies (Courchesne, 2000; Peters et al., 1998). 
Other studies have shown this relationship of larger male brains relative to female brains 
remains significant even after controlling for height  (Nopoulos et al., 2000 using MRI data; 
Hofman, 1984; and Holloway, 1980 using autopsy data). However, Holloway (1980) reported 
females had significantly larger brains than males in a brain/body ratio (0.218 compared to 
0.206).  Regardless, all of these studies come to the same general conclusion that males have, on 
average, larger absolute brain size than females. 
For example, in an MRI study of 116 healthy volunteers (79 males, 36 females) with an 
age range of 19 months to 80 years, Courchesne et al. (2000) found that the mean volume for 
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male adolescents and adults (age range, 16-43 years) was 1,527 g (s.d.=120), and for female 
adolescents and adults (age range 17-49 years) was 1,363 g (s.d.=99). The volumes in the 
Courchesne et al. study were converted to grams in order to compare with post-mortem data. 
Therefore, using a conversion factor of 1.031 g/cc (Peters et al., 1998; Zilles, 1972), the volumes 
in cc’s would be 1,481cc for males and 1,322 cc for females. A conversion factor of 1.036 g/cc is 
typically used for brain weight, and 1 g/cc for CSF volume (Zilles, 1972). The Peters et al. study 
conversion takes into account the differences between brain volume weight and CSF. The 
Courchesne et al. data converge with “sample S” (MRI data) from Peters et al., (1998) which had 
a mean of 1,427 cm3’s for males and 1,282 cm3’s for females (with CSF excluded). 
For example, Allen et al.’s (2002) study whose brain volumes (minus the lateral 
ventricles) were 1,273.66 cm3 and 1,131.1 cc for males and females respectively, values that are 
nearly identical to those of Peters et al. (1998) primary sample that were 1,243 cm3 for men and 
1,130 cm3 for women. Allen and colleagues also argued that their results were similar to those of 
Courchesne et al. (2000). However, the volumes they cited were means from Courchesne and 
colleagues entire data set (age range 18 months to 80 years). Because of the inclusion of the very 
young individuals (which are 25% smaller in brain size compared with the average adult 
(Courchesne et al., 2000), one would expect these means to be somewhat lower than means taken 
from an exclusively adult sample.  
Ho et al., (1980a) in their study of autopsy data based on records from Cleveland, Ohio, 
reported that brain mass averaged 1,392 g in Caucasian men (s.d.=130, n= 416) and 1,252 g in 
Caucasian women (s.d.=125, n= 395), with a mean difference of 140 g. Brain mass averaged 
1,286 g in black men (s.d.=138, n=228) and 1,158 g in black women (s.d.=119, n=222), resulting 
in a mean difference of 128 g. In both of these groups, male-female differences in brain mass 
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were significant (p<0.01). It is important to point out that the use of white/black categories in the 
Ho et al. (a and b) study is more of an operational definition similar to that used in medical 
epidemiology and not a scientifically valid use of the term ‘race’ (Peters et al., 1998). 
Ho et al., (1980b) also used ratios in order to measure relative size. Ho et al.’s results 
indicated that women had more brain mass than white men when adjusting for body weight and 
surface area, and less when adjusting for height, whereas black women have a lower brain mass 
than black men when adjusting for height and surface area, and non-significant difference when 
adjusting for body weight. Ankney (1992) in a reanalysis of the Ho et al.’s (1980b) data argued 
that their use of ratios to examine sexual dimorphism in relative brain size was problematic (see 
Smith, 2005, and Packart and Boardman, 1988, for a critique of the use of ratios to measure 
relative brain size). Ho and colleagues study involved taking brain mass and dividing by body 
surface area in order to compare the mean of each group by use of a t-test. The problem with this 
use of ratios is that the ratios decrease with increase in body surface area. Also problematic was 
their use of two different size measures mass/area in order to calculate their ratios. Units that 
differ can give misleading results. Approximating an ANCOVA (as Ankney did not have access 
to the raw data), he found that at any surface area or height, both African-American and 
Caucasian men had larger brains than their female counterparts by approximately 100 g.  
Interestingly, in a reexamination of Broca’s data set on brain mass, Gould (1981) found 
that males were relatively larger than females by 113 g (which Gould argues is insignificant 
because the women in the sample were of an older age). Gould’s results are nearly identical to 
those of Skullerud (1985), who states that the sex difference between males and females is 110-
115 g after controlling for body length.  
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A cautionary note in ascribing functional significance to brain size differences between 
groups needs to be made.  In humans, generally speaking, there is a weak correlation between 
brain size and body parameters, and stronger correlations between brain size and IQ (Bigler et al., 
1995; Andreason, 1993; Peters et al., 1985). However, in intergroup comparisons, the results can 
be counterintuitive. For example, Boivin et al., (1996) found that Laotian children with a mean 
head circumference at the 36th percentile for the global mean performed better on cognitive tests 
such as the Kauffman Assessment Battery for Children (K-ABC) (that are sensitive to maternal 
education and quality of the home environment) than North American children who are (on 
average) at or above the global mean for head circumference. 
Environmental influences, age range, and homogeneity of sample with regards to 
common ancestry are all important in ascribing functional significance to differences in brain 
size. For example, Peters and colleagues (1998) indicated that in a comparison of black and 
white samples in the American population changed markedly during the 1900s. Height for white 
males has varied very little overall whereas those in the black population changed markedly over 
the past century. A white sample had a height of 174 cm, (Bean, 1906 as cited in Peters et al., 
1998) to 175 cm.  Dramatic alternations in nutritional status of the black population in the U.S. 
during this time period probably influenced this change. 
Methodology and age structure of the sample can give different outcomes and therefore 
lead to different interpretations for a particular population. Using the Danish sample of 
Pakkenberg and Voigt, (1964) (also described in Peters et al., 1998), Passingham (1979) and 
Jerison (1979) came to different conclusions regarding the significance of the relationship 
between height and brain size in humans, with Jerison declaring that height is not an important 
factor in determining brain size once other factors have been ruled out. Passingham, in contrast, 
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argued that there is a significant (albeit small) relationship between body height and brain size. 
This difference between their conclusions appears to be the result of different age cut-off points 
in the Danish sample. 
In studies of human brain dimorphisms, gray to white matter ratios have been a focus for 
investigations of SD. For example, Allen et al., (2003) and Gur et al., (2002) found that the gray 
matter/white matter (GM/WM) ratio larger in females. In general, females have been found to 
have proportionally more gray matter than white matter. Gur et al, (2002) and Carne et al (2006) 
also found that the absolute volume of gray matter in females was less than males. However, 
Leonard et al., (2008) found that the GM/WM ratio is minimal once overall brain size is 
accounted for. In other words, in females and males of equal brain size, the GM/WM ratio is also 
equal.  As Zhang and Senjowski (2000) describe that across mammals, the amount of white 
matter increases more quickly in a brain following a 4/3 power law. One interpretation is that the 
differences in GM/WM ratio in males and females is likely due to the fact that myelinated fibres 
(white matter) are larger than unmyelinated fibres, and therefore contributes to the larger 
proportion of WM in males. Therefore, larger-brained humans (which are on average, male) have 
more myelinated axons (white matter) because of more lengthy intracranial connections. Perhaps 
through the mechanism of increasing WM proportions, males maintain the same functional 
ability as females in a larger brain (Carne et al., 2006; Gur et al., 1999; Filipek et al., 1994; Passe 
et al., 1997).  
Importantly, many of these studies have avoided applying an explicitly allometric 
framework to studies of sexual dimorphism. For example, Allen et al., (2003) in their robust 
study of sex differences in the gray and white composition of the cerebrum, applied Pearson 
correlation coefficients and ANCOVA. However, they did not compare position and differences 
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between male and female slopes in regression that may give important information on how males 
and females differ.  
Leonard et al. (2008) compared proportional differences in volumes of brain structures 
relative to cerebral volume size and then these proportions were examined graphically and 
through correlation procedures. Because of their choice to use hierarchical multiple regression to 
assess the affect of cerebral volume and sex to their proportions, they were able to determine that 
both males and females of smaller cerebral volumes had higher proportions of gray matter. 
Conversely, a larger overall brain size (regardless of sex) resulted in lower proportions of gray 
matter relative to white matter. 
In studies measuring cerebral volume and cerebellar volume, Filipek et al. (1994) found 
that total brain volume was significantly larger in males, but this relationship only held for 
cerebellar volume, and not cerebral volume. Nopoulous et al, (1999) found males to be larger 
that females in overall brain size, but the cerebrum, not the cerebellum, was the only region that 
was significantly larger than females. In contrast, Carne et al. (2006) found that male cerebral 
volumes were 11% larger in males, and cerebellar volumes were 9% larger in males (both 
regions significantly larger than females). 
Filipek et al. (1994) argued that the incongruent levels of variation in the structures in the 
brains of men and women is inconsistent with a simple allometric explanation, meaning that a 
single allometric slope doesn’t describe the sex differences in scaling patterns in brains of 
modern humans.  They found that males are larger for cerebral white matter and cerebellar 
volume, yet the proportion of the cerebellum to overall brain volume and cerebral white matter to 
total cerebral volume did not differ between males and females. The caudate nucleus was larger 
in females in absolute size as well as in proportion to total cerebral volume, and the proportion of 
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the hippocampus to total cerebral volume was larger in females. Although a single allometric 
slope may not explain human brain dimorphism generally, Filipek et al.’s results do differ from 
those of other researchers, and the problem of how size and shape are related in the brains of 
men and women remains unresolved. However, differences between studies may be due to 
differences among populations, or may simply be the result of sampling bias.  
 
2.3 Regions of interest: sub-cortical structures  
The present thesis focuses on seven sub-cortical structures in the brain, including a 
majority of the structures within the basal ganglia, such as the 1) caudate nucleus, 2) putamen, 3) 
nucleus accumbens, and 4) globus pallidus (pallidum); medial temporal lobe, or limbic structures, 
including 4) the hippocampus and 5) the amygdala; and the structure through which all of these 
other regions are connected to the cortex: 7) the thalamus. These structures are a primary focus 
for this project, and each are involved to varying degrees in aspects of cognition. In this section, 
the structure and function of these regions are described, and studies of dimorphism in these 
regions are reviewed. 
Until recently, regions within the subcortex have in large part been ignored in studies of 
cognition and cognitive evolution. For example, Koziol and Budding (2009) describes the 
tendency for evolutionary neurobiologists to focus on the cortex:   
“Most [neuroscientists] have been trained to consider our [human] ability to think as part 
of a cortical system that separates us from our primate ancestors. This idea becomes 
perpetuated in advanced studies as most [neuroscientists] are taught a cortico-centric 
model [of cognitive evolution]. In this model, the cortex is considered not only the seat of 
cognition, but also the center of higher-order control over behavior. We are taught that 
the evolutionary expansion of neocortex is generally what makes us unique thinkers, and 
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it, therefore, makes intuitive sense to look at cortical functioning as the source of 
cognitive activity” (Koziol and Budding, 2009, p. 2).  
 
 Koziol and Budding (2009) go on to argue that limiting cognitive research to the 
neocortex constrains our ability to conceptualize integrated brain functioning, as the cortex is 
also involved in non-cognitive (motor functioning). The basal ganglia, whose functions have 
traditionally been ascribed to only motor-type functioning, need to be looked at in a reciprocal 
fashion—and that the basal ganglia is intimately involved in cognitive functioning just as the 
cerebral cortex plays a role in non-cognitive tasks.  
 The hippocampus and amygdala have not been relegated to non-cognitive tasks as 
dramatically as the basal ganglia. However, their importance in cognition perhaps has been 
underestimated as well. For a summary of the seven regions and their functions involved in this 
study, see Table 2.1.   
 
Basal Ganglia 
The basal ganglia (or nuclei) are sub-cortical structures that are associated with motor 
operations such as the planning, regulation, and initiation of movement (Phillips et al., 2010). 
Through the work of Strick and colleagues (Akkal et al., 2007; Middleton and Strick, 1996; 
Strick et al., 2009) and others (Graybiel, 2005), these nuclei have more recently been implicated 
in several non-motor functions, including working memory, attention switching, and perception. 
Recent research has demonstrated that the basal ganglia are part of one of two vertically 
organized re-entrant brain systems: the cortico-basal ganglia system and the cortico-cerebellar 
system (Koziol and Budding, 2009; Middleton and Strick, 2002). I will discuss the cortico-basal 
ganglia system here, as the cortico-cerebellar system is beyond the scope of this project. 
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The cortico-basal ganglia circuit, or “cortico-striatal-palladal-thalamic loop” (Koziol and 
Budding, 2009) is typically comprised of the cortex, striatum, globus pallidus (pallidum), 
substantia nigra, and the thalamus (see Figure 2.1). The motor cortex has been known to be a 
main target of the basal ganglia, and targets have recently been found to include areas within the 
prefrontal and premotor cortex, inferotemporal cortex, and posterior parietal cortex (Clower et al., 
2005; Middleton and Strick, 2002, 1996). Important features of this system are that 1) the neural 
circuitry form a loop whereby the information flow is initiated at some area within the cerebral 
cortex, travels through the basal ganglia, and then re-enters the cortex near the point of origin, 
and 2) The loops perform a modulatory (i.e., change the nature of the inputs received) function in 
the brain, where the cortical inputs are typically excitatory while the outputs from the sub-cortex 
are typically inhibitory (Koziol and Budding, 2009; Andreeson and Pierson, 2008). 
Therefore, the basal ganglia help to decide what information is or is not returned to the 
cortex, and therefore play a vital role in brain-behavior relationships. Both structural and 
functional data support the argument that the sub-cortex is vital to both cognitive and emotional 
functioning, and therefore challenges the traditional view that the most important region for 
cognitive function lies almost exclusively within the cortex (Koziol and Budding, 2009). 
The fundamental architecture of the basal ganglia appears to be evolutionarily archaic 
(Redgrave et al., 1999), and it is believed that the structure (i.e., connectivity patterns and 
neurotransmitter organization) are conserved in the jawed, and possibly all, vertebrates 
(Redgrave et al., 1999; Medina and Riener, 1995) as the basic pattern of organization of the basal 
ganglia in all tetrapod vertebrates appears to be conserved (Koziol and Budding, 2009; Streidter, 
2005; Smeets et al., 2000). For example, it appears that the striatum, nucleus accumbens, globus 
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pallidus, and subthalamic nucleus exist in all vertebrates, and appeared at or before the evolution 
of vertebrates (Streidter, 2005; Marin et al., 1998).  
As structure (size and cytoarchitecture) often indicates function, the current role of the 
basal ganglia in modern vertebrates and its long evolutionary history make it conceivable that the 
basal ganglia serve a similar role in the generalized vertebrate nervous system (Redgrave et al., 
1999). Another reason to assume conservation of function is that the striatum is known to occupy 
a roughly similar proportion of forebrain volume in nearly all vertebrate classes (Redgrave et al., 
1999; Hodos, 1982), whereas the cerebral cortex and cerebellum have dramatically increased in 
size during mammalian evolution. This may reflect the increase in number and complexity of 
competing command systems without a concomitant increase in the size of the basal ganglia 
(Redgrave et al., 1999).  
The major components of the basal ganglia include the striatum, the substantia nigra and 
the subthalamic nucleus. The striatum is comprised of the caudate nucleus and the putamen (or 
“neostriatum”), and the globus pallidus (“paleostriatum”) (Raz et al., 2003). The basal ganglia 
also contain a limbic component that includes the nucleus accumbens, ventral pallidum, and 
ventral tegmental area. The basal ganglia has been implicated in numerous neurological disease 
processes including Alzheimer disease (Jernigan et al., 1991), Huntington’s chorea (Cummings, 
1993; Harris et al., 1992; Jernigan et al., 1991), attention deficit hyperactivity disorder 
(Castellanos et al., 1996), Tourett syndrome (Moriarty et al., 1997; Singer et al., 1993), Down 
syndrome (Alyward et al., 1997), bipolar affective disorder (Alyward et al., 1994), 
trichotillomania (O’Sullivan et al., 1997), Parkinson’s disease (Lichter, 1991), and schizophrenia 
(Hokama et al., 1995). 
Striatum 
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The striatum is critical in the planning, execution, acquisition and control of motor 
sequences and movement (Nakamura et al, 2001; Alheid et al., 1990). It receives input from 
numerous brain regions, but sends information only to other structures within the basal ganglia. 
For example, the pallidum receives input from the striatum and sends inhibitory signals to areas 
within the thalamus that project to motor areas in the cortex. The pallidum also sends signals to 
other motor-related areas outside of the thalamus. The striatum receives sensory input from the 
midbrain and contains dopaminergic connections (Koziol and Budding, 2009; Streidter, 2005; 
Marin, et al.,1998). The substantia nigra provides dopamine to the striatum, and the subthalamic 
nucleus receives input from the striatum and the cortex and sends projections to the pallidum 
(Koziol and Budding, 2009). The putamen and the caudate together form the “neostriatum” and 
are considered to regulate movement and influence particular kinds of learning. The caudate 
nucleus is more specialized in receiving and controlling sensory information, whereas the 
putamen is more specialized in receiving and determining motor sequences and movement 
(Koziol and Budding, 2009). 
There is some discussion as to whether the nucleus accumbens is part of the striatum 
(described in Koziol and Budding, 2009). Some argue that the caudate nucleus and putamen may 
have derived evolutionarily from the nucleus accumbens (the “archistriatum”). In the present 
analysis the nucleus accumbens will be considered part of the striatum.  
Caudate nucleus 
The caudate nucleus is a large nucleus located near the midline of the brain, alongside the 
thalamus. It resembles a C-shaped structure, consisting of a head at the front that tapers to a body 
and tail most caudally. The head and body form the anterior horn of the lateral ventricle, and the 
tail forms the roof of the inferior horn of the lateral ventricle. The caudate nucleus is 
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anatomically related to several other structures in the brain. Together with its companion 
structure, the putamen, they form the dorsal striatum. The caudate is separated from the putamen 
by the anterior limb of the internal capsule, a prominent white matter tract, and is innervated by 
dopaminergic neurons. These neurons originate mainly from the ventral tegmental area (VTA) 
and the substantia nigra pars compacta (SNc). It also has a number of inputs from numerous 
association cortices (Kandel, 2000). 
Neuroanatomically, the caudate is considered to be a structure that initiates the direct and 
indirect pathways of the basal ganglia through loops within the structural and functional 
architecture of basal ganglia itself (Villablanca, 2010). The largest portion of afferent fibers in 
the caudate emerge from the cerebral cortex, with other afferents coming from the amygdala, 
thalamus, substantia nigra pars compacta, and raphe nuclei (Villablanca, 2010; Hokfelt and 
Ungerstedt, 1969). Projections from the caudate nucleus (efferent fibers) travel to the frontal 
cortex via the thalamus, and also to the globus pallidus (pallidum), amygdala, and substantia 
nigra pars reticulata. 
The caudate nucleus has been demonstrated to be highly involved in learning and 
memory (Graybiel, 2005) especially with regard to processing involving feedback (Packard and 
Knowlton, 2002). It has also been suggested that the caudate, in conjunction with the thalamus, 
helps to govern the articulation and comprehension of words as they are switched between 
languages in bilingual speakers (Crinion et al., 2006). 
Putamen 
The putamen is connected to the substantia nigra and globus pallidus, and uses the 
neurotransmitter dopamine the accomplish it’s functions. It also has been shown to play a role in 
degenerative diseases such as Parkinson’s. 
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Nucleus accumbens 
The nucleus accumbens is a group of neurons that are situated within the caudal portion 
of the anterior horn of the lateral ventricles. It is part of the ventral striatum, and a component of 
the basal ganglia. The nucleus accumbens is a phylogenetically old reward center in the brain 
that is considered to play an important role in reward, pleasure, addiction, laughter, fear, and the 
placebo effect (Heimer et al., 2008; in Koziol and Budding, 2009).  
  The nucleus accumbens receives extensive projections from the hippocampus (Goto and 
O’Donnell, 2001; Kelley and Domeshick, 1982), and synchrony in electrical activity of these two 
regions supports the idea that the hippocampus is also involved in motor planning within the 
basal ganglia circuitry (Goto and O’Donnell, 2001). In rats, the nucleus accumbens has been 
demonstrated to be involved in a complex circuit involving the prefrontal cortex, associated basal 
ganglia structures and along with the hippocampus, helps mediate goal-directed behaviors 
(Gruber et al., 2009). 
Globus pallidus (pallidum) 
The pallidum is a major structure within the basal ganglia that is comprised of two parts: 
a larger portion, the globus pallidus (Latin for “pale globe”), and a smaller component, the 
ventral pallidum. It does not receive cortical afferents. The ventral pallidum is considered to be a 
primary movement center and received projections from the core of the nucleus accumbens 
(Koziol and Budding, 2009). 
In a longitudinal study of aging of the striatum, Raz et al. (2003), found that the caudate 
and putamen decreased more than expected at a 5-year interval, and contrary to expectations 
based on previous results (Raz et al., 2000; Hokama et al., 1995), the globus pallidus (pallidum) 
also declined. These measurements were evaluated using a mixed general linear model that 
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adjusted for the three regions of interest (caudate nucleus, putamen, and pallidum), hemisphere, 
and measurement occasion. Before analyses, the regions of interest were adjusted using a mixed 
linear model approach to account for intracranial volume (ICV). Homogeneity of regression 
slopes between males and females was checked to allow for the use of a common slope. The 
shrinkage of the globus pallidus experienced less shrinkage than the caudate, but still 
significantly decreased in size. It may be that a steady lifetime decline that begins in adolescents 
(Geidd et al., 1997), and has been observed in young adults (Gunduz et al., 2002).  
Medial temporal lobe (limbic) structures  
The hippocampus and the amygdala are sister structures lying within the medial temporal 
lobe and are known to play important roles in emotion, learning, and memory (Pruessner et al., 
2000; LeDoux, 1989; see Pressner et al., 2000 and citations therein). They are each part of two 
independent memory systems that interact in subtle ways (Phelps, 2004).  
Hippocampus 
The hippocampus is involved in explicit memory storage, and is necessary for declarative 
or episodic memory; it is considered to be the primary memory system in humans (Phleps, 2004). 
In 1971, John O’Keefe and John Dustovsky discovered that the hippocampus contains cognitive 
maps (Kandel, 2000). The right side appears to be specifically involved in representing the 
external environment (cognitive map). The left has been demonstrated to be involved in verbal 
memory (Kandel, 2000). 
The hippocampus is also considered to be a relatively flexible structure in volumetric 
terms, and responds to environmental cues and changes during one’s lifetime. For example, 
Erickson et al. (2009) found that higher levels of physical fitness in elderly individuals resulted 
in relatively larger hippocampal volumes and better spatial memory performance. Secondly, 
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Maguire et al. (2000) found that spatial learning in a group of London taxi drivers led to larger 
volumes of the posterior hippocampus in comparison to a control group, likely the result of 
intensive training in memorizing London city streets—a requisite for London taxi drivers. The 
hippocampus is also one of the first structures to be affected by early Alzheimer’s disease, and 
this appears to occur more frequently in women than in men (Schmidt et al., 2008). 
Preliminary research has shown that perhaps obesity is correlated with larger volumes of 
left and right amygdalar volumes, and left hippocampal volume (mean age= 74.4 years, n=471) 
(Widya et al., 2011). However, this project didn’t control for brain size in the subjects. As the 
basal ganglia, hippocampus, and thalamus are also involved in feeding behavior, it is unclear 
based on these results whether obsessive or addictive behaviors and memories affect regional 
brain volume, or if larger regional brain volumes in certain structures increase ones risk for 
obesity. Secondarily, it is also unclear if obesity acts as a buffer for hippocampal or amygdala 
loss in aging individuals. These results indicate the relationship between whole brain volume, 
regional brain volume, and obesity (body mass index >30) is unclear as obesity has been 
associated with gray and white matter loss in humans (Gunstad et al., 2008; Ward et al., 2005). 
Amygdala 
The amygdala is an almond-shaped nuclei located deep within the medial temporal lobes 
of the brain in complex vertebrates, including humans. The amygdala is an intricate structure 
involved namely in the regulation of functions under autonomic control. It sends projections to 
the hypothalamus regulating the flight-or-flight response, to the reticular formation for its 
involvement in reflexes, to the trigeminal and facial nerves to help regulate facial expression, and 
to the olfactory bulb (Kandel et al., 2000). It is also important in motivation, memory, and 
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integration of complex sensory information especially those concerning emotionally salient 
events (Larsen et al, 2006; Dolan, 2000; LeDoux, 2000).  
There is a growing body of literature indicating the importance of amygdalar involvement 
in social behavior (Pellis and Iwaniuk, 2002; Aggleton, 1999, 1993), and a recent comparative 
analysis demonstrated a correlation between amygdala size and the size of social networks and 
social behavior in primates (Lewis and Barton, 2006). Bickart et al., (2011) demonstrated that the 
size of the amygdala correlates with the size and complexity of social networks in humans 
(amygdala size adjusted for inter-individual differences in head size by dividing by intracranial 
volume).  
The amygdala has been demonstrated to perform a primary role in processing memory 
and emotional reactions. It stores components of memory, especially those dealing with emotion; 
however, it does not store factual information. It coordinates autonomic and endocrine responses 
to emotional states (Kandel, 2000). Along with the hippocampus, the amygdala is one of the 
regions affected in the early stages of Alzheimer’s disease (Brabec et al., 2010).  
The amygdala and the hippocampus also show sex differences relative to total brain 
volume, with the amygdala reported as being relatively larger in males and the hippocampus in 
females (Wilke et al., 2007; Suzuki et al., 2005; Goldstein et al., 2001; Geidd et al., 1997), 
although some studies have found no differences (e.g. Brabec et al., 2010). These regions are 
also associated with differences in hormonal receptors. For example, it has been argued that the 
amygdala has more androgen receptors and the hippocampus more estrogen receptors (Goldstein 
et al., 2001), supporting research indicating the amygdala may be more sensitive to testosterone 
and the hippocampus more sensitive to levels of estrogens (Becker et al., 2007; Romero et al., 
2004). These regions are also associated with anxiety and depression (Videbech and Ravnkilde, 
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2004; Rosen and Schulkin, 1998). Interestingly, the hippocampus is one of the first brain areas 
affected by early Alzheimer’s disease (AD), and the amygdala is also affected in early 
Alzheimers in part because of it’s close association with the hippocampus. Neuronal loss has 
been observed in both of these structures (Horinek et al., 2007). Alzheimer’s disease is 
characterized by hippocampal atrophy, and frontoteporal lobar degeneration (FTLD) 
approximates AD and appears to be accompanied by amygdalar loss (Barnes et al., 2006). AD is 
more frequent in women (Schmidt et al., 2008; Ott et al., 2000). 
Thalamus 
The thalamus is a neural structure in vertebrates that is located between the cerebral 
cortex and the midbrain. It is the largest structure in the diencephalon, which is a part of the brain 
that is located between the mesencephalon (midbrain) and the telencephalon (forebrain). The 
thalamic complex contains the prethalamus and the thalamus (formerly the ventral and dorsal 
thalamus, respectively) (Scholpp and Lumsden, 2010), and has numerous functions. It generally 
acts as a sensory relay station between the cortex and midbrain structures. Every sensation (with 
the exception of olfaction) and many anatomical pathways have a thalamic nucleus that receives 
signals that are then sent to the overlying cortex and to the proper association area. It has been 
suggested that the thalamus plays a role in “higher” cognitive functioning and language 
processing (Armstrong, 1981) and may play a crucial role in language acquisition (Wahl et al., 
2008; Jarvis, 2004).  
The term ‘thalamus’ comes from the Greek thalamos (θάλαµος) for ‘room’ or ‘chamber’ 
(Scholpp and Lumsden, 2010).  The term was originally used by Galen in the second century AD 
in De Usu Partium as a way to compare the human brain to the ground plan of a Greek home, 
with the bridal chamber at its heart. In this way he emphasized the central role the thalamus plays 
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in the nervous system in terms of both location and function (Scholpp and Lumsden, 2010; Jones, 
2007).  It has been described as the ‘gateway to consciousness’ (Crick and Koch, 2003) because 
of its role in receiving and distributing information throughout the brain, with a particularly 
strong relationship to the cortex.  
 Functionally, the thalamus has multiple connections with the hippocampus, and plays a 
vital role in human episodic memory (Aggleton et al., 2010). For example, it appears that there 
are numerous information streams that travel from the hippocampus to the anterior thalamic 
nuclei. These information pathways are parallel but separate streams that converge within the 
thalamus and contain a very precise arrangement. The afferent targets that converge within the 
thalamus are not only from the hippocampus, but also from the tegmentum to the mammillary 
bodies that converge in the medial diencephalon (thalamus). These information pathways are 
reciprocal, meaning that the diencephalon also controls hippocampal function. These reciprocal 
interactions appear to be vital for episodic memory, but not necessary for familiarity-based 
recognition (Aggelton et al., 2010; Holdstock et al., 2002). 
 
2.4 Development and sexual dimorphism of sub-cortical structures during childhood and 
adolescence 
Developmentally, it is well known that males and females grow their brains differently 
(Lenroot and Giedd, 2006). What is not known, however, is how these differences in growth may 
actually result in brain dimorphisms.  It is also not known exactly how hormones exert their 
effects on the developing brain.  It has been demonstrated that, although brain dimorphisms are 
present in adults, males and females achieve their adult volume through different growth patterns. 
For example, DeBellis and colleagues (2001) and Giedd et al., (1999, 1997, 1996) have shown 
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that between the ages of 4 and 18, there is an incredible amount of growth, pruning, and 
reshaping of brain structure, and these processes occur at different rates and times in different 
parts of the brain.  For example, the height of cerebral volume peaks at 11.5 years in females and 
at 14.5 years in males (Geidd et al., 1999).  However, gray matter volume peaks at different 
times in each of the different cerebral lobes for each sex.  Other structures show sex differences 
in growth during development as well. 
In a comprehensive study of age related volumetric changes in children and adolescents 
aged 4-18 (n=104), Giedd and colleagues (1996) measured the cerebrum, cerebellum, and 
several sub-cortical structures. By using manual tracing, and a semi-automated threshholding 
technique, they measured the lateral ventricles, caudate, putamen, globus pallidus, and thalamus 
(although the thalamus measurement was an ‘area’ taken of a single slice and outlined based on a 
thresh-holding technique). They found that during development, robust gender effects were seen 
for several measures (Giedd et al., 1996). For example, the putamen and globus pallidus were 
larger in males (ANOVA: F=16.1, P=0.001 and F=8.0, P=0.006, respectively), and remained 
significantly larger even after correcting for total cerebral volume (ANCOVA: P=0.01, and 
P=0.05, respectively).  However, the caudate was larger in females after adjusting for total 
cerebral volume (ANCOVA: P=0.01) Interestingly, absolute volumes of the caudate, lateral 
ventricles, and thalamic area were not significantly different between the sexes. 
 Age-related changes in this cohort revealed that many areas did not experience a 
significant change in slope (increase or decrease) with age or sex. However, a few areas did 
change with age and/or sex. For example, the slope for the lateral ventricle volume increased 
with age for both males and females (linear regression: slope=0.88ml/yr, P=0.0007 and 
slope=0.47ml/yr, P=0.06 for males and females respectively). A piecewise linear regression 
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indicated that the increase for males occurred almost exclusively after age 11, with the slope 
changing significantly at this time (P=0.03). This change did not occur in females.  The caudate 
and putamen volumes decreased in males, but not in females (slope =-0.01ml/yr, P=0.007 and 
slope=-0.007ml/yr, P=0.05 for males and females respectively).  The globus pallidus did not 
change significantly with age or either sex, and neither did thalamic area. 
 Asymmetries in the caudate revealed that the right caudate volume was larger than the 
left (P<0.0001) with no significant differences between the sexes. The left putamen and left 
lateral ventricles were significantly larger than the right (P<0.0001 and P=0.01, respectively), 
with no significant differences between the sexes. The results of the R>L caudate asymmetry is 
consistent with numerous studies in the adult literature (Breier et al., 1992; Flaum et al., 1995). 
 
2.4.1 Influence of hormones on brain growth and development 
One line of argument is that the primary influence on differences in brain size in men and 
women is due to X and Y chromosome effects (Morris et al., 2004), such as the production of 
sex steroids.  Interestingly, sex steroids appear to have the most dramatic impact on brain 
development, and have been shown to exert their effects on different parts of the brain, and they 
may even begin to exert their effects before gonadal differentiation (Angelopoulou et al., 2006).  
Sex steroids have been investigated mostly in animal models (rats, mice, and guinea pigs) 
(Morris et al., 2004; Breedlove, 1992), and the patterns observed in these mammals have 
frequently been used to hypothesize reasons for human brain dimorphisms (Lenroot and Giedd, 
2010; Hamann, 2005; Goldstein et al., 2001; Breedlove, 1998, 1992), although in some studies 
the patterns of sex steroids in animal models versus humans is not explicit (e.g., Lenroot and 
Giedd, 2010). 
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Testosterone is a male sex steroid that appears to have a large influence on brain structure 
and differentiation. For example, testosterone along with anti-mullerian hormone, masculinize 
the body, but of the two, testosterone is the hormone that exerts its effect on the brain. 
Testosterone also has a regulative affect on neural apoptosis (programmed cell death) (i.e., high 
levels can induce apoptosis and its presence also has neuroprotective qualities) (Morris et al., 
2004), a major physiological event that helps determine brain architecture.  Numerous studies on 
rodents have demonstrated that hormones that impact structures during development seem to 
result in the most dimorphic brain regions in the adult (e.g., hypothalamic nuclei in the rat) (see 
Morris et al., 2004, for review).  
However, there also appears to be some flexibility in this system, and that circulating 
hormones in the adult can exert their effects in significant ways. Cooke et al. (1999) 
demonstrated that in rats, an adult circulating androgen had an enormous effect on the size of the 
medial hypothalamus. They demonstrated that in a castrated male rat, the medial hypothalamus 
shrinks to female size in four weeks, and supplementing a female with sex steroids enlarged this 
region to male size.  If this is a physiological phenomenon that also applies to humans, then 
development is likely not the only cause of a potential dimorphism.  Environmental factors (both 
internal and external) all likely play a role. 
Sex steroids (both testosterone and apparently to a lesser extent, estrogen) exert their 
effect on the brain developmentally, which may have a large impact on relative brain 
dimorphisms (significantly higher allometric slope compared with females). Alternatively, sex 
steroids may also be the mechanism by which male brains become larger albeit isometric 
versions of female brains. In this latter example, sex steroids may simply help male brains 
function in a male-typical way, and not necessarily lead to relatively larger sized brain regions.  
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The amygdala and hippocampus in particular are intriguing examples to illustrate sex 
differences in growth and development. The amygdala has been shown to increase in size during 
adolescence in males, as does the hippocampus in females (Geidd et al., 1997).  This is 
interesting because the amygdala has been shown to have a higher proportion of androgen 
receptors, and the hippocampus more estrogen receptors, in mammals (Goldstein et al., 2001; 
Gorski, 2000). Numerous researchers (Lenroot and Giedd, 2006; Hamann, 2005; Goldstein et al., 
2001; Giedd et al., 1997) have postulated a link between hormones (and hormone receptors) and 
the differential growth patterns observed in human males and females with regard to the 
amygdala and hippocampus, both leading to sex differences in adult size.   
Support for the notion that sex steroids have a modulatory effect on the size of different 
brain regions in humans comes from studies on hormonal fluctuations during the menstrual cycle 
and the apparent effect on the size of brain regions (Pletzer et al., 2010), and changes in levels of 
brain activation over the course of the menstrual cycle (Goldstein et al., 2006). Yet, these studies 
do not look at differences between adult males and females, and only look at monthly 
fluctuations that capture changes over short periods of time, and not long-term semi-permanent 
effects.  
If the relationship between hormones, receptors, and dimorphism as observed in animal 
models exists in humans as well, then it would seem that hormones are a mediating factor 
determining relatively larger or smaller structures in human male and female brains.  On the 
other hand, the relative size of each of these structures is still under much debate.  Giedd et al. 
(1997), Goldstein et al. (2001), and Lenroot and Giedd (2006) have each made particular 
arguments for the link between androgen and estrogen receptors and regional brain size 
dimorphisms.  However, when controlling for cerebral size, Giedd et al. (1997) found no 
50""
difference between the size of the amygdala and the size of the hippocampus in males and 
females. Goldstein et al. (2001), argue that the amygdala is larger relative to cerebral size in 
males, yet their Table 2 indicating these relationships shows no difference between males and 
females in this regard. This could be an editing mistake, but in conjunction with Giedd et al.’s 
(1997) results, the relationship is still questionable. 
There are several reasons that this debate is interesting and important. In a functional 
MRI study, Hamann et al. (2005) demonstrated that males and females process sexually arousing 
information in the amygdala, but to a significantly different degree.  Men and women were 
shown sexually arousing pictures, and were asked to rank their degree of arousal.  In cases where 
men and women ranked the arousing nature of these images equally, the men had a higher degree 
of neural response to the image.  The results of Hamann et al. (2005) suggest that males and 
females may also process information in somewhat different ways.  Therefore, one could 
conclude that regardless of size differences, it may be the presence (or absence) of particular 
kinds of receptors that help determine degree of neural response to stimuli in humans.  This may 
be more important in determining behavioral differences than volumetric size itself. 
Ultimately, if relative dimorphisms do exist in the brains of men and women, they could 
be due to a range of genetic and epigenetic factors.  The presence of a dimorphism itself poses 
the question on whether or not this size difference is likely to result in a functional difference 
between the sexes, and whether it matters if a region is dimorphic or not.  It may be that the male 
brain is, in effect “male” because of its internal (physiological) environment, and a female brain 
“female” for the same reason. Lavranos et al. (2006) have argued that there is increasing support 
for two different brain blue-prints, the AR and the ER models (androgen receptor and estrogen 
receptor models, respectively).  Sex steroid receptors have been found in seemingly unexpected 
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locations like the lungs, and sex steroids appear to have an effect on virtually every organ in the 
body.  Brain dimorphisms may indicate the relative importance of a structure for a particular 
function or set of functions, but a given brain region typically has many functions associate with 
it, and is linked to and dependent on many other regions. Therefore a single cause, explanation, 
or effect is unlikely when it comes to interpreting relative human brain dimorphisms. 
 
2.5 Aging 
In the aging brain, many studies confirm the observation that, generally, as people get 
older, their brains become smaller. However, there is conflicting evidence that aging 
differentially affects males and females, where some studies find age-associated brain atrophy is 
not uniform across the brain (Allen et al., 2005; Raz et al., 2003; Jernigan et al., 2001), others 
find particular regions decline (uniformly) with other structures (Allen et al. 2005; Mu et al., 
1999; Laakso et al., 1995), and still others find no significant changes in older individuals 
compared with younger individuals (Brabec et al., 2009; Doty et al., 2008). These results differ 
based on regions studies, methological disparities, and ages included in the study. 
For example, the hippocampus may be more sensitive to the effects of aging than the 
amygdala, cortical gray matter, and basal gray matter structures. However other studies have 
found that amygdalar volume declines along with other structures in the brain (Allen et al. 2005; 
Mu et al., 1999; Laakso et al., 1995). Yet these studies did not investigate potential sex 
differences in aging. Brabeck et al., (2009) in a recent post-mortem volumetric study of 30 brains 
(21 male and 9 female; age range 38-99), found that there were no significant intersexual 
differences in amygdalar volume, and neither sex revealed any statistically significant changes 
when age was accounted for. Doty et al. (2008) found the amygdala to be stable in age. 
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It has been demonstrated the striatal nuclei show age-related decrease in the volume of 
the caudate nucleus and putamen as indicated in studies on human (Raz et al., 2003, 2000) as 
well as non-human primates (Matochik, 2000). Raz et al. (2003) demonstrated in a study of 53 
healthy individuals (20-77 years) that measurements of the caudate nucleus and putamen were 
negatively correlated with age. In contrast, the pallidum did not correlate negatively with age, 
similar to the findings here that the pallidum was not smaller.  
 
2.6 Concerted versus mosaic brain evolution as a model for evolutionary change 
An ongoing debate in studies on brain evolution is whether or not changes in brain size 
across taxa occurs in a tightly constrained manner (Finlay, 2010; Reep et al., 2007; Finlay et al. 
2001; Kaas and Collins, 2001; Finlay and Darlington, 1995), or whether changes in brain size 
tend to operate in a mosaic fashion by altering the size of one structure without a concomitant 
change in another structure (Weisbecker, 2009; deWinter and Oxnard, 2001; Barton, 1998). The 
argument over whether evolutionary constraints versus mosaic evolution dictates evolutionary 
change can be applied intra-specifically to studies of sexual dimorphism (O’Brien et al., 2006). 
Sub-cortical structures play vital roles in relaying information among higher cortical 
regions to other regions of the brain. Regions within the sub-cortex, such as the basal ganglia, 
limbic structures (including the amygdala and hippocampus), and the thalamus are intimately 
involved in emotion, memory, motivation, motor functions such as movement control, and 
receiving and distributing information to and from the cortex. They are also considered to be an 
evolutionarily more conserved part of the brain (Koziol and Budding, 2009; Streiter, 2005; 
Redgrave et al., 1999). However, numerous researchers suggest that the size and function of at 
least some of the structures within the sub-cortex indicate that they may not be as primitive as 
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previously assumed (Koziol and Budding, 2009; Allen, 2009; Preuss, 2007; Allen et al., 2002, 
2005; Armstrong, 1981). Although structures within this region appear to be homologous across 
all tetrapods (Koziol and Budding, 2009), research also indicates that the way in which 
information flows through the basal ganglia and the limbic system differs between organisms 
(Koziol and Budding, 2009; Striedter, 2005). The implication is that structures within this region 
(e.g., structures within the basal ganglia) do not evolve as a unit. Although this may be more 
apparent from an interspecific perspective in studies of volumetric and scaling differences (Yin 
et al., 2008), patterns of constraint and variation mediated in part by sex differences and aging 
within the sub-cortices in humans is not well understood. 
Much of the research on sub-cortical structures has investigated pathology and 
interspecific differences, with less focus on normal sex differences within the sub-cortex. Few 
studies cover normal sex differences in multiple sub-cortical regions in adulthood and old age 
(although see Goldstein et al., 2001; Raz et al., 2003 and 2000 for aging in the striatum; and 
Ostby, 2009, on brain development). It is the current understanding that these regions are 
critically involved in social cognition. As males and females differ in how emotions are 
processed such as that visual sexual stimuli result in a greater response of the amygdala in males 
compared with females (Hamann, 2005; Canli et al., 2002), and sex differences exist in the 
etiology and manifestation of brain pathologies in the sub-cortex (see Lenroot et al., 2010 for 
review), an interesting question remains as to the degree that male and female brains scale 
relative to one another in the adult human brain. The extents to which these differences are 
consequences of genetic or environmental effects have historically been addressed by those in 
the field of psychology, and remain unclear (Eagly and Wood, 1999; Buss, 1995; Geary, 
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Determining the pattern of sexual dimorphism in the sub-cortices is central to our understanding 
of human cognitive adaptations, constraint, and variation. 
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Chapter 2 Tables and Figures  
Table 2.1: Overview of functions of the basal ganglia, limbic structures, and thalamus included 
in the present study 
Region Function 
 
Nucleus accumbens 
 
Important in reward, laughter, addiction, and pleasure 
Amygdala 
 
Important in coordinating and responding to social and 
emotional stimuli 
 
Caudate nucleus 
 
Component of the striatum; important in receiving and 
controlling sensory information arriving from the cortex. Also, 
highly involved in learning and memory especially in 
processing involving feedback 
 
Hippocampus 
 
Critically involved in memory storage particularly for short-
term memory; important in learning and memory; important for 
understanding spatial relations in the environment 
 
Pallidum 
 
Primary movement center; receives projections from the 
nucleus accumbens 
 
Putamen 
 
Component of the striatum; important in receiving and 
determining motor sequences and movement 
 
Thalamus 
 
Multiple functions, but generally acts as a relay station between 
cortex and midbrain. Every sensation (except olfaction) has a 
thalamic nucleus that receives signals that are sent to the cortex 
and to the proper primary association cortical area. 
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Figure 2.1: Striatal Loop Diagram (Modified from Grabiel, 1997). A simplified depiction of how 
information flows through the striatum with links to the thalamus and limbic structures. 
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57""
 
Chapter 3. Hypotheses 
This thesis tests hypotheses concerning sexual dimorphism in sub-cortical structures in 
the brains of modern human, and whether or not the underlying structures in the male and female 
brain are scaled to overall brain size. Specifically, I focus on structures including the amygdala, 
caudate nucleus, hippocampus, nucleus accumbens, pallidum, putamen, and thalamus as focal 
regions in order to address questions of size-related sex differences in the adult human brain. 
Additionally, this project investigates correlations among regions in order to assess whether 
regions within the sub-cortex that are developmentally and functionally linked are tightly 
correlated with one another, and whether the patterns of dimorphism in males differ from that of 
females, and in younger and older adults. 
The majority of studies that have investigated sexual dimorphism in human brain 
structures have done so looking at sex differences from a proximate perspective. The underlying 
interest driving these studies has been to look at normative volumes in males and females in 
order to better understand purported cognitive differences between males and females along with 
brain pathologies and susceptibilities to certain diseases, of which gender can play an important 
role. Although these studies have certainly contributed to a greater understanding of differences 
between males and females, they have ignored the potential for exploring underlying patterns of 
dimorphism such as the ways in which males and females may differ in size and shape 
(allometry).  
It is believed that evolutionary constraints play a major role in how selection is able to act 
on brain size variation leading to increased size of particular neural structures (Streidter, 2005). 
Differences in size in neural structures relative to whole brain volume are inferred to result in 
different functional roles (Streidter, 2005). As brain function underlies all behavior, then one 
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may hypothesize that the differences in behavior between males and females may have an 
underlying structural difference as measured by brain volume. This reciprocal relationship 
between size and function underlies the interest in investigating sex differences from an 
evolutionary allometric perspective. Although I am looking at a single contemporary species, the 
evolutionary significance of any observable sex differences cannot be ascertained. It is believed 
that developmental and evolutionary processes underlie sex differences. Therefore, the 
framework for the present analysis has an evolutionary basis.  
Investigating size and shape differences is not a simple problem that can be answered 
directly either by measuring ratios (proportional differences), or by an analysis of covariance to 
control for size. Ratios only look at mean differences and ignore the range of variation in the data. 
Analyses of covariance, another popular method for testing for sex differences, is quite adequate 
at determining significant differences between the sexes while accounting for some measure of 
overall size (e.g., intracranial volume, total brain volume, cerebral volume, total gray matter, 
total white matter), but researchers ignore the potential for looking at whether or not a sex 
difference is due to a difference in slope, intercept, or both. This latter point is important because 
evolutionary theory suggests different avenues by which size and shape changes can occur in 
organisms. For example, some researchers argue that a change in intercept is “easier” to achieve 
than a change in slope (Egby et al., 2012; but see Bonduriansky, 2007 for alternative arguments). 
If this is true, then if we observe a change in slope then it may be either because theory does not 
apply to all cases (common model organisms such as birds and insects might not follow the same 
patterns as what occurs in mammals, and specifically primates), or that the brain regions 
measured here present a special case, and the end result of shape change is necessary to maintain 
certain neural functionality, or allows for novelty in function in males versus females. 
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The allometric patterns described here form an explicit framework for investigating 
sexual dimorphism. An explicitly allometric framework allows for a more systematic assessment 
of sexual dimorphism along with the ability to compare results to a range of other projects 
investigating the pattern of dimorphism in the human brain. This set of hypotheses tested here 
include using absolute size measures, ratios, bivariate regression, and multivariate methods to 
assess, describe, and analyze allometry and patterns of variation in the adult human brain.  
In order to the assessment of allometry and sexual dimorphism in sub-cortical structures 
of adult and aging humans, the distinction between different measures of size and shape as 
discussed in Chapter 2 require several levels of analysis (see Fig. 3.1). First, the absolute size in 
the adult form needs to be identified.  Secondly, these results will then be used to further 
diagnose the relationship between size and shape. This will be accomplished in two different 
ways: a) through the calculation of shape (ratio), and, b) by deriving an estimate of relative size. 
Relative size is achieved by bivariate allometry (regression) that involves the calculation of 
regression lines through adult data.  The identification of the regression line(s) as associated 
trajectories (i.e. the sexes follow comparable pathways: A and B in Figure 3.1) or dissociated 
(i.e., the sexes follow different pathways: C and D in Figure 3.1) allows one to get at relative size 
by taking into account the amount of variation that exists in the data. The analysis will reference 
the allometric diagnostics described below. 
Several alternative patterns regarding sexual dimorphism in the human brain will be 
tested for each brain region measured.  One assumption of this project is that there are a finite 
number of ways in which size and shape transformations can occur (Shea, 1985; Gould, 1966).  
These transformations are described in the hypotheses below and depicted in Figure 3.1 (A-D). 
Figure 3.1 is a visual description of the allometric scaling patterns used in the present study. 
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These patterns are descriptors of four possible allometric patterns of sexual dimorphism in the 
adult state for each region analyzed.  
Associated isometric (A) 
For the associated isometric case, the scaling pattern shows that morphological 
differences between males and females could result from tightly coupled patterns of size and 
shape. In this hypothesis, males and females are isometric versions of one another, as males are 
simply larger versions of females.  Males and females share a common trajectory (slope) and the 
same shape.  This scaling pattern supports the explicit claim that male and female differences are 
simply a product of size differences while maintaining the same shape. The prediction for each 
region measured is that males are larger than females in terms of absolute size, and males and 
females share the same shape (proportion). 
Associated allometric (B) 
In this example, males and females have an associated allometric trajectory (same slope), 
with males scaled up versions of females.  Males and females are differently sized and 
differently shaped and this difference is achieved by male and females sharing the same 
allometric trajectory.  If males and females follow the associated allometric pattern for each 
region measured then the expectation is that males are larger than females in terms of absolute 
size, males and females are the same relative size, but males and females will be different shapes 
(proportions).  Relative size can be defined as the distance of points from a regression line, or 
residuals.  
Dissociated isometric (C) 
The scaling pattern in this example shows males and females have dissociated allometric 
trajectories.  At every point along the x-axis, males are larger than females. At any given size, 
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males will have larger sized brains, and also differently shaped brains.  However, because males 
and females share the same slope, a ratio could indicate that males and females are the same 
shape (isometric).  This scaling pattern supports the idea that males and female brains achieved a 
dissociated trajectory at a much earlier point in ontogeny, and that males are on a different (but 
parallel) trajectory to achieve the same function in a larger size range (however, the ontogenetic 
pathway is not tested here). If males and females follow the dissociated isometric pattern, then 
males will be larger than females in terms of absolute size, males and females will have the same 
shape, but males and females will be different relative size. 
Dissociated allometric (D) 
This example shows a scaling pattern wherein males and females are divergent in size, 
differently shaped, and do not share the same allometric slope.  This pattern would be expected 
in cases where selection acting on the size of the brain (or region) is stronger than selection on 
body size (or region used for comparison), and where selective pressures differ markedly 
between the sexes.  In this instance, males will be larger than females, of different relative sizes 
and differently shaped. 
In the examples described above, the assumption is that males are larger than females 
because it is the most commonly observed pattern among primates and humans.  However, for 
any system measured, the position of the sexes could easily be switched whereby the same 
patterns would be applied. A description of the hypotheses for testing size and shape in sub-
cortical structures in the human brain within the univariate, bivariate, and multivariate 
framework follows. 
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3.1 Descriptive analyses—Hypotheses of unadjusted size and ratios to assess sex differences in 
sub-cortices of humans 
In measures of absolute size, size will be considered the volume in cm3 of every brain 
region measured, including total brain volume of each participant.  A T-test will be used to 
determine significant difference between sexes.  A simple ratio will be calculated by dividing the 
measure of total or regional brain volume over a measure determined as overall size for that 
particular measure (e.g., total brain volume over body weight). In studies of brain-to-body size 
relationships, male and female brains are considered to be the same shape if the ratios of brain-
to-body size are equal (same relative proportions).  Some researchers will consider this to 
indicate isometry; however, simple ratios leave out important information, such as whether the 
size and shape trajectory is associated or dissociated between males and females (A versus D in 
Figure 3.1).  This information will be obtained through bivariate regression. 
 
3.1.1 Hypothesis 1a. Males have significantly larger brains than females in terms of absolute 
(unadjusted) size. 
The vast majority of studies have demonstrated that male brains are approximately 10% 
larger than female brains, and a difference (males larger) remains even when total brain size is 
accounted for through ratios or analysis of variance (ANOVA). The expectation for Hypothesis 
1a is that the results here will affirm past findings. 
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3.1.2 Hypothesis 1b. Males have larger absolute size of sub-cortical structures than females. 
These sex differences will remain significant regardless of age cohort investigated. 
As it has been demonstrated in numerous studies that male brains are on average larger 
than female brains, it follows that sub-cortical structures are expected to follow this general trend 
in size related sex differences due to scaling patterns. In other words, males and females will 
have share similar brain structures, and the scaling patterns of structures relative to total volume 
will remain similar. Because of a tightly conserved pattern in the scaling of neural structures, the 
expectation is that sub-cortical structures in males will be absolutely larger than in females.  
Numerous studies have also shown that sub-cortical structures are larger in females than 
in males (Gur et al. 2002; Goldstein et al., 2001; Filipek et al., 1994). The expectation is that the 
structures measured here will follow this pattern. However, there are also potential exceptions to 
this expectation based on past studies. Notably, the amygdala, the hippocampus, caudate nucleus, 
and the thalamus have each been shown to have no significant differences between males and 
females in at least one study (Giedd et al. 1996, developmental study; Filipek et al., 1994). 
Although in a few instances, the studies were developmental and therefore not a static adult 
allometry study, the relationship between overall size and regional size is worth considering. 
Also notable is the caudate nucleus that demonstrated a larger absolute size in females over 
males (Filipek et al. 1994). 
 
3.1.3 Hypothesis 1c. Males and females will have the same structure/whole brain volume ratio 
(proportion), and this difference will remain regardless of age. 
  By accounting for the expected size differences in overall brain size by taking a ratio of 
each of the sub-cortical structures to overall brain size, the expectation is that males and females 
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will have the same ratio. The expectation is that these proportions will not change with age. An 
exception is the hippocampus, which numerous studies have argued have a larger female 
hippocampus-to-total brain size ratio than males (Gur et al. 2002; Filipek et al., 1994). The 
Filipek et al. (1994) also showed the caudate nucleus to total brain size ratio is larger in females: 
a result supporting the notion that the caudate nucleus does not follow an expected scaling 
pattern relative to whole brain volume. 
   
3.2 Bivariate allometry hypotheses 
Researchers have argued that males and females vary in proportions of the size of 
structure relative to total volume, depending on region considered. When two forms have the 
same proportion, this implies an isometric relationship. However, there are problems inherent in 
the ratio approach, namely that only looking at the ratio of mean size within a population relative 
to a second group for comparison leaves out important information. For example, measuring the 
relative trait distribution (variation around the mean) of one trait compared to the trait 
distribution in second population can determine whether the means are underwritten by similar 
patterns between populations. Secondly, as many traits scale allometrically (as opposed to 
isometrically) relative to size, ratios cannot account for this pattern (Fortsmeier, 2011) as ratios 
cannot distinguish between associated versus dissociated allometric trajectories. 
The simplest form of allometric analyses involves bivariate regression which is typically 
modeled as Y= aXb. The log-transformation of this equation becomes log(Y) = log(a) + blog(X), 
where a is the y-intercept and b is the slope (Huxley, 1932).  In raw space, isometry occurs when 
the slope intersects the y-axis at the origin, and lines emanating from the origin at different 
angles are all isometric.  In logarithmic space, isometry occurs when b = 1, so that the ratio of 
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trait size to body size remains constant across a range of body sizes (Gould, 1966; Jungers, 1985), 
and different isometric “shape vectors” are parallel to one another but differ in elevation.  
Bivariate regressions will be performed using reduced major axis (RMA) regression along with 
an ANCOVA to test for differences between males and females in slope and elevation of the 
regression lines. The RMA regressions are the focus of the bivariate investigation; however, the 
results from the ANCOVA also allow for a comparison between RMA and ordinary least squares 
(OLS) regression slopes. 
 
3.2.1 Hypothesis 2a. Male and female brains are scaled (allometric or isometric) versions of the 
same form.  
In other words, males and females follow the same regression line, but it can be an 
allometric line (one the produces shape differences) or an isometric line (one that does not 
produce a shape difference). This pattern will hold between younger and older age categories. 
In this case, brain regions can achieve similarity in slope (based on ratios) in different 
ways. For example, if males and females have equal ratios, the distribution could look like A in 
Figure 3.1. In this instance, males and females would be isometric versions of one another and 
males and females at different sizes would have the same shape. In this example, isometry would 
be underwritten and tightly linked to size. Both ratios and regression would give the same results.  
Isometry could also be produced by the pattern depicted in Figure 3.1 C. In this example, 
males and females means are along an isometric slope; therefore the ratio results indicate males 
and females are the same shape at different absolute sizes. However, one can see that the 
regression lines for males and females are different, and that they are separate but parallel to one 
another in elevation. The allometric distribution of males and females along these regression 
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lines shows that males and females are both differently shaped at different size ranges. Size is 
still important in terms of the overall pattern of trait distribution, but shape plays a larger role. 
In B (Figure, 3.1), bivariate allometry shows how males and females are scaled versions 
of one another, yet they are not isometrically shaped. This is a common pattern for traits to scale 
relative to size, particularly body size (Fortsmeier, 2011). As sub-cortical brain structures are the 
variables of interest in the present study, and they are scaled to total brain volume, it is unclear 
whether the isometric versus allometric case would be more likely scaling pattern. 
Figure 3.1 D shows a case where males and females have unequal brain region/whole 
brain volume ratios, and the regression lines for males and females are different. In this case, 
males and females arguably have different shape trajectories and they are differently sized and 
differently shaped. I do not expect to find this pattern for any of the brain regions measured. 
 
3.2.2 Hypothesis 2b. Sub-cortical structures scale isometrically with the geometric mean in the 
adult human brain regardless of sex or age. This pattern will hold between younger and older age 
categories. 
 Using the geometric mean as a proxy for size, the expectation is that the sub-cortical 
structures will follow an isometric pattern of scaling. The scaling pattern of isometry is 
underwritten by and tightly linked to size. This is expected in the sub-cortices as these regions 
shares similar roles in the central nervous system.  
 With regards to sex differences, the scaling diagnostics explained earlier can be applied. 
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3.2.3 Hypothesis 2c. Male and female brains are scaled (allometric or isometric) versions of the 
same form.  
This hypothesis predicts that males and females follow the same regression line, but it 
can be an allometric line (one the produces shape differences) or an isometric line (one that does 
not produce a shape difference). This pattern holds between younger and older age categories. 
 
3.3 Multivariate patterns of variation in sub-cortical structures of the human brain 
In order to address problems of size dimorphism in adult human brains, the present 
analysis investigates size variation in sub-cortical structures within a multivariate framework. 
The specific questions addressed in this analysis are 1) how are patterns of variation partitioned 
out in the data, 2) is size the main factor explaining the variation we observe, 3) do the patterns 
of variation (that may in part be ascribed to ‘shape’) in second and subsequent components 
follow expectations of functional and developmental links in the sub-cortices, and 4) do patterns 
of variation in the sub-cortices differ between males and females and in a younger (Ages 18-35) 
versus older (ages 50-80) cohort?  
 
3.3.1 Hypothesis 3a. Sub-cortical structures are tightly linked due to development, brain 
architecture, and function 
The expectation is that as the seven regions measured are tightly linked due to 
developmental relationships, physical proximity, and through shared function. Thus, these 
regions are expected to be significantly and positively correlated. The first principal component 
will have relatively equal contributions of all variables measured and PC1 will represent the 
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amount of variation ascribed to “size” in the data. PC1 will also describe the majority of 
variation in the dataset.  
 
3.3.2 Hypothesis 3b. The four sex and age classes will differ from one another with regard to 
their eigenvalues and eigenvalues as measured through principal components analysis 
A second expectation is that there will be a difference between the sexes and age cohorts 
in regard to the eigenvalue and eigenvector structure as measured by principal components. An 
analysis of variance will test for differences between groups. 
It is also predicted that the eigenvector loadings for the second principal component 
describe variation that may reflect developmental and functional relationships. The following 
describe these hypothesized relationships. The expectation is that developmentally related 
regions and regions that are functionally linked will load together on the second (and perhaps 
third) principal component, while non-developmentally or functionally linked regions will 
perhaps load in contrast with one another on the second and subsequent principal components. 
For example, the hippocampus and amygdala the hippocampus and the amygdala are 
sister structures that lie within the medial temporal lobe and are important for learning and 
memory. Also, based on embryologic and functional similarities, the amygdala and hippocampus 
are considered to be closely associated structures (Humphrey, 1968). Therefore, the 
hippocampus and amygdala are expected to load together. 
Secondly, regions that comprise the striatum—defined here as the caudate nucleus, 
putamen, and globus pallidus— will load together in contrast with other sub-cortical regions 
measured. The caudate nucleus and putamen are expected to have a particularly close association. 
This is because the caudate nucleus and putamen are structures that share common phylogenetic 
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and embryological origins (Redgrave et al., 1999), and are more closely related to one anther 
structurally and functionally than with other regions within the basal ganglia or sub-cortex. As 
these regions also chare close evolutionary, developmental, and functional attributes with the 
archistriatum (nucleus accumbens), a second expectation is for these three regions to load 
together with one another in contrast with other sub-cortical structures. 
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Figure 3.1, A-D:  Patterns of allometric scaling. All graphs are on logarithmic scales.  Black circles indicate 
female means and male means are indicated by open squares.  A. Sexes are isometrically scaled relative to one 
another with males and females sharing the same proportions.  B. Associated allometric trajectories. Males and 
females lie along same regression slope, yet have different shapes (different ratio).  C. Dissociated allometric 
trajectories. Males and females share the same shape (same ratio) as male and female means are on the line of 
isometry, yet the slopes describing males and females are parallel to one another but differ in elevation.  This has 
been hypothesized to be due to a vertical shift in elevation for one of the groups (in this instance, males). D.  
Dissociated allometric trajectories. Vertical shift in one of the groups (males in this example) relative to the other 
combined with a change in slope. In this case, males and females do not share the same shape (ratio), nor the same 
slope. Figures modified from Shea (1985). See text for further explanation. 
" " " " " "
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Chapter 4. Materials and Methods 
This chapter describes the materials used for the present thesis, including characteristics 
of the subject population and data collection methods. The statistical methods are described for 
univariate, bivariate, and multivariate approaches to allometry in sub-cortices of the human brain. 
The regions of interest include the nucleus accumbens, amygdala, caudate nucleus, 
hippocampus, pallidum, putamen, and thalamus. These regions are involved in various aspects of 
cognition, including learning and memory (hippocampus), emotional memory storage, social 
interactions, aggression, arousal, and fear (amygdala), planning, initiation, inhibition and 
coordination of movement (caudate nucleus, putamen, and pallidum), and the region that relays 
information to and from the subcortices to the cortex (thalamus). Sub-cortical structures, 
particularly those that comprise portions of the basal ganglia, have been implicated in numerous 
studies for their role in various brain disorders (pathophysiology) such as Huntington’s disease, 
bipolar affective disorder, Tourrett syndrome, Parkinson’s disease, Down syndrome, and 
trichotillomania (Goldstein et al., 2001; Ifthikharrundin et al., 2000). Many of these regions show 
sex differences in the expression of these diseases. 
Investigations of higher-level brain functioning and evolution have tended to focus on 
areas within the cortex (Koziol and Budding, 2009; Rakic, 2009; Geary and Huffman, 2002) as 
our uniquely human ability to think and control our behavior is considered to reside almost 
exclusively in the neocortex (Neill, 2007; Geary and Huffman, 2002). Although numerous 
studies have looked at sub-cortical regions, they have done so from a proximate perspective, 
taking a clinical approach with the goal to better understand “normal” brain volumes in order to 
better understand and diagnose pathology and mental decline (Courchesne et al., 2000). 
Numerous studies have focused on individual regions including the hippocampus (Suzuki, 2005), 
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amygdala (Bickart et al., 2011; Brabek et al., 2009), thalamus (Tuohy et al., 2004), and regions 
within the basal ganglia (Gunning-Dixon et al., 1998) to the exclusion of others. These studies 
have all provided valuable insight to our understanding of sex differences in the human brain. 
However, because of our increasing understanding of the pivotal role these structures play in 
cognitive functioning in humans, I extend these studies by investigating numerous regions 
together with normative data in a large dataset of healthy adults.  
 
4.1 Materials 
4.1.1 Subjects 
This study includes two groups of right-handed, native English speakers recruited from 
the Champaign-Urbana community. The individuals involved in this project were originally 
recruited for a study on the effects of exercise and aging on cognition (Colcombe, 2004; 
Erickson et. al., 2004).  These data represent 189 healthy individuals, consisting of two age 
categories: 41 younger adults, ages 18 to 35 (mean= 23.38, SD=4.01) and 148 older adults, ages 
50 to 80 (mean=67.20, SD=5.67).  All participants were screened to ensure no prior history of 
neurological damage or color-blindness. The individuals in the study were recruited from 
newspaper ads, public flyers, and campus-wide e-mailings.  The older group was screened for 
psychiatric illness, medication use, and any recent surgery.  Individuals were exempt if they 
reported blood pressure medication or any surgery in the head or neck area, as this could 
interfere with the MRI scanning.  Also, if participants scored below a 20 on the Mini-Mental 
State Examination (MMSE), or had a known history of stroke or other organic brain dysfunction, 
were eliminated from the study. For safety concerns related to magnetic resonance imaging 
(MRI), participants were excluded if they had metallic implants, pacemakers, or experienced 
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claustrophobia prior to or during the procedure.  Additionally, all individuals provided informed 
consent in accordance with Institutional Review Board (IRB) requirements at the University of 
Illinois, Urbana-Champaign.   
 
4.1.2 Image acquisition and processing 
 A 3-T head-only Siemens Allegra Magnetic Resonance Imaging (MRI) scanner was used 
for structural data acquisition.  Two sets of anatomical images were collected during MRI 
sessions: a high-resolution T1-weighted magnetization prepared rapid echo (0.96 3 0.96 3 1.3 
mm) and a lower resolution T1-weighted image collected in the same plane as the echo planar 
imaging (EPI) data.  Both sets of anatomical images were skull-stripped using a brain extraction 
tool (BET) that removes non-brain tissue (skull plus meninges) from a whole brain MRI image 
(Smith 2002).  After reconstruction, the first 6 images were removed in order to allow the 
magnet to reach steady state.  The data from every participant were preprocessed separately 
using FSL (FMRIB’s Software Library) version 4.1 (http://www.fmrib.ox.ac.uk/fsl/).  
 
4.1.2.1 Image Acquisition 
The FSL software is a comprehensive package of tools created by Analysis Group at the 
Oxford Centre for Functional MRI of the Brain (FMRIB) for analyzing functional MRI (fMRI), 
MRI, and Diffusor tensor imaging (DTI), brain-imaging data (Smith et al., 2004; Woolrich et al., 
2009). It is a current, frequently updated freeware program that allows for both GUI’s (graphical 
user interface) and command lines to use the various tools available through FMRIB for MRI 
analysis.   Structural measurements in FSL take advantage of the fact that the biophysical 
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properties of local brain tissue can differ, and these differences are then used to discriminate 
between brain regions. 
 
4.1.2.2 Measurements 
The MRI’s were segmented in an automated fashion using FSL on a Mac workstation. 
Each MRI was brought into the FSL program and segmented using several tools in the FMRIB 
library, including BET, FIRST, and GETVOLUME. The measurements of interest include total 
brain volume; segmentation of sub-cortical structures, including the nucleus accumbens, 
amygdala, caudate nucleus, hippocampus, pallidum, putamen, and the thalamus. 
 The Brain Extraction Tool (BET) was utilized to determine total brain volume. As 
described in Smith (2002), BET is a fully automated tool that removes non-brain tissue (skull 
plus meninges) from a whole brain MR Image. This is imperative in automated techniques for 
brain volume measurement because high-resolution MRI’s contain considerable amounts of non-
brain tissue, such a skin, skull, eyes, hair, fat, muscle, etc.  
The BET algorithm achieves a whole brain volume by including a triangular tessellation 
of a spherical surface that is created (i.e., “initialized”) inside of the brain and allowed to slowly 
deform as it expands, following forces that keep the form smooth and well-spaced, while moving 
towards the edge of the brain (Smith et al, 2004, Smith 2002). The brain’s edge is defined by the 
local intensity structure in order to decrease the “effects of image bias field”. If a clean surface is 
not arrived at, the process is automatically rerun with a higher smoothness constraint (Smith et 
al., 2004).  
A major benefit of this method is that it is very accurate and robust. It has been tested on 
thousands of data sets from a range of scanner types, including 1.5T and 3T from several 
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manufacturers. The results in comparison to hand-segmentation (considered the “gold-standard” 
in measures of brain volumes) are that BET slightly overestimates the boundary by 
approximately one voxel, and in smoothing across fine sulci. The results of BET in comparison 
to hand-segmentation were better than other automated techniques including AFNI (Ward, 1999; 
from Smith, 2002) and BSE (Smith, 2002).  
 
4.1.2.3 Regions of Interest 
In order to acquire volumes for the sub-cortical structures used in this analysis, FMRIB’s 
Integrated Registration and Segmentation Tool (FIRST) was run on the entire data set.  FIRST is 
a tool for modeling shape and appearance and acquiring volumes of sub-cortical brain 
components using Bayesian shape and appearance models. The shape and appearance models 
used in FIRST are based on manually segmented images originally provided by the Center for 
Morphometric Analysis, (CMA), Boston. The shape and appearance models are based on 
Gaussian assumptions (normal distribution of data).   Based on the learned models, FIRST looks 
through the T1 MRI image intensities to find the most probable shape.  The sub-cortical brain 
components that were measured include: left and right accumbens, amygdala, caudate nucleus, 
hippocampus, pallidum, putamen, and thalamus. Left and right components for each region were 
added in order to get a single volumetric measure for the each of the seven sub-cortical structures. 
This tool effectively segmented the brain components listed above. It produces 
volumetric and mesh outputs, while applying boundary corrections. For this study, the 
volumetric outputs were of interest. Default settings that optimize the results from empirical 
testing were also used (Patenaud, et al., 2008). The GETVOLUME tool was used to place the 
volumetric data in a readable format (csv files). Total volumes of the structures of interest were 
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acquired by adding the left and right volumes for all the regions measured.  
Methodological limitations of this study 
As the measurements for this study were collected using an automated technique, there is 
a higher measurement precision between subjects and a reduction in the amount of intra-rater 
error that can occur during measuring by manual tracing. Repeatability using the same 
parameters within FSL is essentially 100%. The risk of reducing the accuracy of the 
measurements is increased because all volumes calculated are based on an average map of the 
brain. However, these measurements are not “resized” as in voxel-based morphometry (VBM), 
which often attenuates differences observed between groups.  
 
4.2 Statistics 
4.2.1 Descriptive Statistics 
In measures of absolute size, size was considered the volume, in cubic centimeters (cc), 
of every brain region measured.  In the pooled data set a t-test (Satterthwaite) was used to 
determine significant differences between males and females. A male-to-female ratio of each of 
the brain components measured was accomplished by dividing the male volume by the female 
volume. Descriptive statistics were run on each of the age and sex cohorts (younger female, 
younger male, older female, and older male), and a two-way linear model was used to analyze 
the effects of sex and age on the different brain regions.  Based on the range in the sample, the 
classification variable ‘age’ was divided into two levels, younger (age < 36) and older (age >49). 
The statistical analysis was done in the general linear model (GLM) procedure of SAS (SAS, 
2002).  The assumptions of the GLM procedure were met. Significance was determined at 
alpha<0.05.  
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A simple ratio of sub-cortical structure to total brain volume was calculated by dividing 
the volume of each of the sub-cortical structures over total brain volume. Descriptive statistics 
were run on each of the ratios for the pooled data set. A two-way linear model was again run on 
these ratios in order to determine sex differences within each of the two age cohorts used in this 
study.  
 
4.2.2 Bivariate statistics 
Statistical analyses are performed with the R software package (version 2.12.2).  
All values in the regression analysis are transformed to natural log values prior to analysis. This 
procedure reduces problems associated with distributional properties of untransformed data. 
Allometric relationships are investigated by fitting Reduced Major Axis (RMA, also 
called Standardized Major Axis or Type II) regression lines through bivariate plots of the each of 
the seven sub-cortical structures on a larger measure of size that the structures lies within (i.e., 
total brain volume and the geometric mean (GM) of sub-cortical structures). Each sub-cortical 
structure is regressed on total brain volume for males and females, in the pooled, younger, and 
older age categories. In order to determine whether or not deviations from isometry exist in any 
of the sub-cortical structures relative to the size of the sub-cortex, the log geometric mean of all 
sub-cortical variables is calculated. The geometric mean is considered to be a good proxy for size 
(Roseman, 2004; Darroch and Mosimann, 1985), and is part of the Mosimann family of shape 
variables (Jungers et al, 1995). The expectation of isometry is met when the measures of sub-
cortical structure volume are regressed against a measure of overall size (i.e., total brain volume 
or the geometric mean) and the slope is not significantly different from one. 
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There has been a fair amount of discussion in the literature concerning the validity of 
using RMA regression over the more common usage of OLS (ordinary least squares) regression 
over the use of ratios in allometric studies of sexual dimorphism (Smith, 2009, 2005, 1999; 
Martin et al., 2005; Sokal and Rolf, 1995; see also Fortsmeier, 2011 and Hansen and Bartosek, 
2012 for further discussion). Ratios have been argued to be highly problematic for a number of 
reasons, namely the confounding effect of using a one-dimensional (linear) measurement such as 
height with a three-dimensional measurement such as volume in ratio (Smith, 1999).  It is also 
important to note that simple ratios assume that the numerator and denominator scale similarly. 
If the numerator and denominator scale differently with some other size variable, their ratio will 
be affected. For example, imagine a bivariate plot of variable Y on body mass, where males and 
female regression lines have different slopes and cross such that at small mass Ym<Yf, while at 
larger mass, Ym>Yf.  RMA regression avoids some of these problems and has the benefit of 
assuming statistical noise is distributed over both the x and the y axes (Fortsmeier, 2011; Smith, 
2009, 1999; Martin et al., 2005; Sokal and Rolf, 1995), and these are proportional to overall 
variances, where the slope b=(SDy/SDx). OLS regression on the other hand, assumes error 
(noise) occurs only in the y-axis. With data that has error in both the x- and the y-axes, OLS 
produces characteristically shallow (or steep) slope compared with the RMA regression results.  
This can lead to potentially erroneous conclusions (Fortsmeier, 2011). As RMA regressions can 
also be inverted and give the same result and interpretation (Schluter, 1992), they are more 
applicable to studies with error in both x and y. In this data set, total brain volume (size variable) 
is comprised of structures that contribute to the whole, and are controlled by the same underlying 
genetic, developmental, and functional programme. It therefore makes sense to presume that 
measures of total brain volume and sub-cortical structure volume are subject to the same sources 
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of biological error due to sampling. However, as OLS and RMA regression results will diverge 
from one another the lower correlations, it was deemed appropriate to also include OLS 
regression slopes for comparison.  
The RMA regression of sub-cortical structure size on the GM involved regressing a brain 
structure (e.g., nucleus accumbens) on the GM of all sub-cortical structures minus that brain 
structure. This avoids any undue correlation of a specific structure with the GM that could make 
the analysis less sensitive to detecting departures from allometry (Deacon, 1990).  
Reduced major axis regression regression on both the log of total brain volume and the 
log GM is described for the four age and sex categories (younger female, younger male, older 
female, older male), including all subjects grouped together. Significant differences in slope 
between the sexes are determined by an ANCOVA using the interaction variable p-value as the 
significance test, total brain volume as the dependent variable, and sub-cortical structure and sex 
as covariates.  
The coefficients log total volume-by-sex interaction and log GM-by-sex interaction test 
whether or not the slopes between males and females are the same in the younger cohort and the 
older cohort separately. The ANCOVA coefficient “Sex” tests for significant differences 
between the sexes when x is held constant (i.e. when both males and females are centered on 
mean x-value, whether the mean values for y significantly different from one another). Together, 
these tests determine a) whether or not males and females share the same allometric trajectory 
wherein one sex is considered a scaled version of the other sex, b) whether or not males and 
females share the same slope, but differ in elevation (one slope lies above the other), and c) 
whether males and females are divergent in slope, and therefore do not share any aspect of their 
shape trajectory. 
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As the multivariate nature of this data set comes with correlated errors, meaning one 
significance test in twenty would likely result in a false positive using a typical alpha value of 
0.05 (increased probability of a Type I error). To compensate for this, a Bonferroni correction is 
used to control for false positives (Abdi, 2007; Sokal and Rohlf, 1995). This does come at a cost 
of producing false negatives, or Type II errors (see Perneger, 1998). However, in this data set, 
because the majority of regions were highly significant (p<0.000) in slope for the RMA 
regressions, a Bonferroni correction was deemed appropriate as protected probabilities decrease 
the possibility of falsely attributing significance to differences between groups (Leigh and 
Jungers, 1994). The Bonferroni correction results in an alpha level of 0.007.  
 
4.2.3 Multivariate Statistics: Principal Components Analysis 
Principal components analysis (PCA) is employed to investigate the correlation structure 
of the data set. The goal of principal components analysis is to describe variation patterns in the 
variance-covariance or correlation structure of the data as a whole, and whether the variability in 
the data set can be reduced from the original seven variables of sub-cortical structures to a 
smaller set of variables (principal components) that will still describe the majority of the 
variability in the data. Ideally, beyond simply being a data reduction technique, it is the hopes 
that PCA also offers alternative ways of interpreting the data.  
Principal components are uncorrelated linear combinations derived from the variance-
covariance or correlation matrix whose variances are as large as possible. The first principal 
component is the linear combination that describes the maximum variance in the dataset 
(Johnson and Wichern, 1992). It is a weighted average of all sub-cortical structures of the brain 
measured in this study. Each successive PC accounts for as much of the remaining variability as 
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possible that is orthogonal to the first and all subsequent PC’s. Geometrically, the new axes 
created describe the directions of maximum variability and provide a more parsimonious 
description of the covariance or correlation structure (Johnson and Wichern, 1992). Information 
extracted from the covariance or correlation matrix (eigenvalues and eigenvectors) can then be 
further used to describe patterns of size and shape (allometry). 
In explorations of size and shape, it is generally customary to apply PCA to the 
covariance matrix of log-transformed variables yet it can also be applied to the correlation matrix 
(Cadima and Joliffe, 1996; Darroch and Mosimann, 1985; Joliceur, 1963; Bookstein, 1989; 
Somers, 1989, 1986; Sundberg, 1989; Anderson, 1963). Tessier (1960) advocated the use of the 
correlation matrix, and Joliceur (1963) stated that the main benefit of using the correlation matrix 
was that the correlation matrix tends to make the principal components independent from scaling 
and magnitude. However, he also argued that the logarithmic transformation on the covariance 
matrix on relative growth data does something similar, generally speaking. Because of this, he 
chose to use the results from the covariation matrix as he felt they were more easily interpretable 
in the context of size and shape (Jolicoeur, 1963).  
The choice of using the covariance over the correlation matrix is highly dependent on the 
structure of the data being analyzed. In the majority of investigations that are not driven by 
questions of allometry (size and size-independent shape), the correlation matrix is preferred as 
data sets frequently have variables that differ in magnitude. The reason for choosing the 
correlation matrix in the context just described is that the eigenvalues and the eigenvector 
loadings of the covariance matrix are driven by (highly sensitive to) those variables that have the 
highest variability, whereas the correlation matrix is standardized to zero. 
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In the present data set the smallest region, the nucleus accumbens, has the highest 
coefficient of variation of the seven variables. This results in higher eigenvector loadings for the 
accumbens in the covariance matrix more than any of the other six remaining variables (see 
Appendix I). As principal components analysis is a way of looking at an explanation of variances, 
in the present data set the correlation matrix does a better job of effectively partitioning the 
variance between components in a biologically interpretable manner (see also Somers, 1986). 
Jolicoeur (1963) defined the first principal component as a multivariate approximation of 
size. Jolicoeur (1963) also described eigenvectors can be compared with an isometric shape 
vector (Biknevicius and Leigh, 1996), this test is used infrequently (Somers, 1986). Researchers 
have traditionally assumed that the first principal component describes overall size (Jolicoeur 
and Mosimann, 1960; but see Bookstein, 1989 for a discussion of the relationship between “size” 
“and” “shape”, with a focus on the “and”) when all characters are of the same sign and about 
equal in number. If the second and subsequent principal components are mixed signs and values, 
then they can be considered aspects of “shape”. However, these assumptions disregard the 
implicit understanding that the first principal component also contains aspects of shape, and the 
second and subsequent components contain aspects of size (Jungers et al., 1995; Darroch and 
Mosimann, 1985; Shea, 1985; Humphries et al., 1982; Sprent, 1982; Mosimann, 1970).  The 
only case for no shape in PC1 is when there is isometry, which Mosimann (1970) argued would 
have at maximum one variable loading with isometry, and isometry is also dependent upon the 
variable chosen to represent overall size. This concept is also supported by Jolicoeur (1963a) 
assessment that the eigenvector or direction cosines from PC1 from the covariance matrix of log-
transformed variables reflect proportion changes in relative growth. This works when one applies 
the formula 1/p^0.5, where p is equal to the number of variables measured, and eigenvector 
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loadings for the first principal component that are above or below 1/p^0.5 are positive or negative 
allometry. Because the correlation (as opposed to the covariance) matrix is used here for reasons 
described below, Jolicoeur’s (1963a) technique is not applicable here. 
Principal components analysis is run on the correlation matrix of log-transformed 
variables (base-10) prior to analysis. This procedure reduces problems associated with 
distributional properties of untransformed data. These include PC on seven sub-cortical 
structures: nucleus accumbens, amygdala, caudate nucleus, hippocampus, pallidum, putamen, 
and thalamus.  PC was also performed on the correlation matrix of ratios of the log-transformed 
variables over the geometric mean (GM), (following Jungers et al., 1995, and Darroch and 
Mosimann, 1985). The geometric mean ratios are calculated by taking the log geometric mean of 
all variables (base-10), and applying the formula: log(y)-log(GM) where y is the log-transformed 
variable of each of the seven sub-cortical structures. These new ‘dimensionless’ variables 
theoretically effectively partition out the majority of variation ascribed to “size” from the 
variables, and the resulting principal components then describe shape-free size (Darroch and 
Mosimann, 1985). PCA was run on the combined data set, as well as on males and females 
separately (see Allen et al., 2002). 
I also test for the correlation between each of the original variables and principal 
components. The correlation between the original variable measurements (original measurements 
of the sub-cortical structures) and the principal component scores are determined using the 
formula: 
c j =λj*1/2 e j 
where c j is the correlation between the original variable and the jth principal component variable, 
λj*1/2 is the standard deviation of principal component j (i.e. square root of the eigenvalue of the 
84""
jth principal component), and e j is the eigenvector of the original variable for the jth principal 
component (Johnson and Wichern, 1992). 
 It is important to recognize that principal components are merely tools with which to 
describe variance in the data set. For example, it is not inherent in morphometric data that the 
first principal component describes ‘size’ and the second and subsequent components aspects of 
‘shape’. These are interpretations based on inferences made from morphometric data, and should 
be taken as such. It is a part of the technique itself that the first principal component is 
orthogonal and uncorrelated with the second component, not an inherent feature of the data that 
shape can be partitioned out into an independent “shape free” component (Sundberg, 1989). 
Sundberg (1989) also argued that from a biological perspective it is more realistic to expect 
changes in organisms that are correlated with size. 
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Chapter 5. Results 
This chapter describes the descriptive, bivariate and multivariate results in reference to 
the hypotheses presented in Chapter 3.  
 
5.1 Descriptive statistics: ratios and proportionality 
This section includes descriptive statistics for sub-cortical structures and whole brain 
volume in younger and older adult males and females. The hypotheses tested here consider how 
adult human brain size varies by sex and age in overall brain volume and in seven sub-cortical 
structures. Volumes of total brain size, nucleus accumbens, amygdala, caudate nucleus, 
hippocampus, pallidum, putamen, and thalamus are analyzed. These measurements were 
acquired for each of the 189 individuals.  Results are presented below. 
 
5.1.1 Results for hypothesis 1a: Males have absolutely larger total brain and sub-cortical 
structure volume than females. 
Several general patterns emerged from univariate tests (Table 5.1, Male/Female ratio in 
Table 5.2), where overall size was measured for significant differences between the sexes, 
regardless of age or proportion of total brain volume. The results broadly support the hypothesis 
that overall brain volume and sub-cortical structure volumes in males exceeds that of females. 
All structures in the pooled data set were larger in males, with the majority of structures 
(total volume, thalamus, putamen, caudate nucleus, and amygdala) achieving significance. A t-
test indicates that, in the pooled data set, male and female total brain volumes are highly 
significantly different (p<0.000, 11% larger in males). Absolute size in sub-cortical size in males 
is significantly larger than that of females in numerous structures. These structures include the 
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amygdala (p=0.001, 10% larger in males), caudate nucleus (p=0.003, 6% larger in males), 
putamen (p<0.000, 9% larger in males), and thalamus (p=0.007, 6% larger in males). 
Sub-cortical regions that did not show significant differences between the sexes for 
absolute size measures were the hippocampus (p=0.224, 2% larger in males), nucleus accumbens 
(p=0.116, 7% larger in males), and pallidum (marginally non-significant at p=0.060, 7% larger in 
males). The results from the combined data set for these regions offer weak to moderate support 
for the hypothesis that whole brain volume and volumes of sub-cortical structures are larger in 
males. 
 
5.1.2 Results for hypothesis 1b. Younger (ages 18-35) and older (age 50-80) male and females 
display similar patterns in overall brain size and the size of sub-cortical structures. 
The hypothesis that sex differences for absolute brain volume and each of the sub-cortical 
structures (with males larger than females) persists within the two age cohorts is supported for 
whole brain volume, but had numerous exceptions for regions within the sub-cortex (Tables 5.3-
5.8).  
 A comparison between the sexes in the younger age cohort indicates that males and 
females are highly significantly different from one another in total brain volume (p<0.000), with 
males larger. Older males and females are also highly significantly different from one another in 
total brain volume (p<0.000), with males larger.  
Absolute size for younger males and younger females are significantly different for the 
putamen (p<0.000) and the thalamus (p<0.000), the pallidum (0.012), borderline significantly 
different for the amygdala (p=0.043), and non-significant for the remainder of the regions 
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examined, including the nucleus accumbens (p=0.133), caudate nucleus (p=0.094), and the 
hippocampus (p=0.761). 
Older males and females are significantly different for the amygdala (p=0.001), caudate 
nucleus (p=0.001), the putamen (p<0.000), and for the thalamus (p=0.025). The remaining three 
regions are non-significant, including the nucleus accumbens (p=0.116), hippocampus (p=0.062), 
and pallidum (p=0.099). These results offer moderate support for the hypothesis that males and 
females are different for whole a regional brain volume, with males larger.  
Significantly different regions in the younger and older cohorts overlap with those in the 
pooled data set. The older cohort shares the same regions that are significantly different with the 
pooled data set, which includes in addition to the putamen and thalamus, the amygdala, caudate 
nucleus, and putamen. These results suggest that regions that are significantly different in the 
pooled data set may be driven in part by the larger sample size in the older cohort, and also 
perhaps due to differences in the demographic composition of the younger versus older cohort 
(personal observation as ethnicity was not a variable of interest during data collection).  
 
5.1.3 Results for hypothesis 1c. Males and females will have the same sub-cortical structure to 
whole brain volume ratio, and this difference will remain regardless of age. 
Proportional size (sub-cortical structure divided by total brain volume) for each of the 
sub-cortical structures for the pooled data, indicate a modular structure within the brain (Table 
5.9).  In the pooled data set, once brain size is accounted for by dividing the volumes of each of 
the sub-cortical structures by total brain volume, all regions are proportionately larger in females 
than in males.  However, several regions were not significantly different between the sexes. 
These regions are the nucleus accumbens (p=0.362) the amygdala (p=0.850), the pallidum 
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(p=0.295), and the putamen (p=0.264). These results support the hypothesis that males and 
females are the same shape regardless of overall brain size. 
In contrast, ratios of the caudate nucleus (p=0.005), hippocampus (p<0.000), and the 
thalamus (p=0.019) are all significantly different between males and females, all with larger 
female mean ratios. These results do not support the hypothesis that males and females have the 
same structure to whole brain volume ratio. However, shape differences in males and females are 
associated with overall size differences between the sexes. In other words, the larger female ratio 
means that females have a larger caudate nucleus, hippocampus, and thalamus for their brain size.  
A comparison with bivariate results will be described later in the chapter.  
In the younger and older age cohorts (Tables 5.10 and 5.11), most of the sub-cortical 
structures support the predicted pattern that males and females do not differ in the ratio of sub-
cortical structure size to whole brain volume. Males and females are not significantly different 
for the nucleus accumbens (younger cohort p=0.902, older cohort p=0.456), amygdala (younger 
cohort p=0.715, older cohort p=0.985), pallidum (younger cohort p=0.368, older cohort p=0.327), 
putamen (younger cohort p=0.588, older p=0.291), caudate nucleus (younger cohort p=0.110), 
and thalamus (younger cohort p=0.356). 
Only the hippocampus ratios are significantly different between sexes in both the younger 
(p=0.004) and older (p=0.002) group, and the ratios for both of these age groups are larger in 
females. In the older cohort, the caudate nucleus can be considered to be borderline significant 
(p=0.071) at the commonly used ∝=0.05 level. The only clear difference between younger and 
older adults in significance is the thalamus (p<0.000) that is significantly different between the 
sexes in the pooled and older cohort, but not significantly different in the younger cohort. 
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5.2 Allometry of sexual dimorphism in sub-cortical structures: bivariate allometry  
The set of hypotheses tested in this section considers the effects of scaling on male and 
female brains.  
Results from a reduced major axis (RMA, or Type II) regression is described for the four 
age and sex categories (younger female, younger male, older female, older male), including all 
subjects grouped together. Log of total brain volume was used as an overall measure of ‘size’. 
The OLS slope is presented for comparison. The regression analyses are also described using the 
log geometric mean of sub-cortical structures (while subtracting out the particular structure 
included in the regression). The results follow (see Tables 5.14-5.23 and Figures 5.1-5.70). 
 
5.2.1 RMA regression of sub-cortical structures with total brain volume as size variable 
5.2.1.1 RMA regression of sub-cortical structures on total volume and all male and female 
samples (all age and sex categories) combined 
For each of the sub-cortical structures, the mean total brain volume log value is 14.128.  
Nucleus Accumbens  
The nucleus accumbens mean log(Y) is 7.074, y-intercept is -31.607, and the r value is 
0.387. The slope is positively allometric at 2.738, (see RMA Table 5.14) and significantly 
different from isometry (p<0.000). The nucleus accumbens is proportionally larger in larger 
brained individuals compared with smaller brained individuals. Therefore, in the combined 
sample, smaller and larger individuals have differently shaped nuclei accumbens. For 
comparison, the OLS slope is 1.060. 
Amygdala  
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The amygdala mean log(Y) is 8.016, the y-intercept is -22.177, and the r-value is 0.512.  
The slope is positively allometric at 2.137, and highly significantly different from isometry 
(p<0.000). The amygdala is proportionally larger in larger brained individuals compared with 
smaller brained individuals. Therefore, in the combined sample, smaller and larger individuals 
have differently shaped amygdala. For comparison, the OLS slope is 1.094. 
Caudate nucleus 
The caudate nucleus mean log(Y) is 9.232, the y-intercept is -9.240, and the r-value is 
0.615.  The slope is positively allometric at 1.307, and significantly different from isometry 
(p<0.000). The caudate nucleus is proportionally larger in larger brained individuals compared 
with smaller brained individuals. Therefore, smaller and larger individuals have differently 
shaped caudate nuclei, with larger individuals expressing a caudate nucleus that is 
proportionately larger. These results do not necessarily support the results from the ratio 
calculations (Table 5.9) showing females have significantly larger caudate nuclei for their brain 
size. However, this discrepancy between the RMA and ratios (as a positively allometric slope 
would indicate that males have both absolutely and relatively larger caudate nuclei) may be 
partially explained by the results from the OLS regression. The OLS slope of 0.804 in the 
combined male and female sample better supports the shape pattern inferred from the ratio 
calculations.  
Hippocampus 
The hippocampus mean log(Y) is 9.131, the y-intercept is -8.941, and the r-value is 
0.385 . The slope is positively allometric at 1.279, and significantly different from isometry 
(p<0.000).  The hippocampus is proportionally larger in larger brained individuals compared 
with smaller brained individuals. Therefore, in the combined cohort, smaller and larger 
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individuals have differently shaped hippocampi. Similar to the results described above for the 
caudate nucleus, these results do not necessarily support the results from the ratio calculations 
where females have significantly larger hippocampus for their brain size. However, the ratio 
calculations are supported by the results from the OLS regression. The negatively allometric 
OLS slope of 0.492 in the combined male and female sample better supports the idea that shape 
differences in males and females are associated with overall size differences between the sexes. 
Pallidum 
The pallidum mean log(Y) is 8.413, the y-intercept is -22.935, and the r-value is 0.378. 
The slope is positively allometric at 2.219, and significantly different from isometry (p<0.000). 
The pallidum is proportionally larger in larger brained individuals compared with smaller 
brained individuals. Therefore, in the combined sample, smaller and larger individuals have 
differently shaped pallidum. The OLS regression slope is 0.839. 
Putamen 
The putamen mean log(Y) is 9.353, the y-intercept is -8.317, and the r-value is 0.558. 
The slope is positively allometric at 1.251, and significantly different from isometry (p<0.000). 
The putamen is proportionally larger in larger brained individuals compared with smaller brained 
individuals. Therefore, in the combined cohort, smaller and larger individuals have differently 
shaped putamen. The OLS regression slope is 0.698. 
Thalamus 
The thalamus mean log(Y) is 9.727, the y-intercept is -8.516, and the r-value is 0.571. 
The slope is positively allometric at 1.291 and significantly different from isometry (p<0.000). 
The thalamus is proportionally larger in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the combined cohort, smaller and larger individuals have 
92""
differently shaped thalami. As described above for the caudate nucleus and hippocampus, these 
results do not necessarily support the results from the ratio calculations where females have 
significantly larger thalami for their brain size. However, the ratio calculations are supported by 
the results from the OLS regression. The negatively allometric OLS slope of 0.737 in the 
combined male and female sample better supports the notion that shape differences in males and 
females are associated with overall size differences between the sexes. 
The RMA results for the combined cohort indicate that for all sub-cortical structures 
included in the present study, larger and smaller brained individuals are differently shaped as 
results of positive allometry. Larger individuals have proportionally greater sub-cortical 
structures relative to whole brain volume. For a few of these structures including the nucleus 
accumbens, amygdala, and the pallidum, the slope is above two. This is a big shape difference. 
These patterns of positive allometry are generally consistent across the different age and sex 
categories. The inclusion of all 189 individuals (and a relatively larger N) may indicate that 
positive allometry is indeed a pattern for sub-cortical structures relative to whole brain volume. 
If the sub-cortical structures were regressed against cerebral cortex instead of whole brain 
volume, it is possible that these structures would show a pattern of isometry or negative 
allometry. This is important as many cross-species comparisons group all individuals together. 
The results from this study indicate that an analysis of other factors that contribute to variation 
may in fact reflect different patterns that get watered down in combined analyses. 
However, the calculations for the OLS regression slopes give different results than the 
RMA slopes. These results offer some support for the use of OLS regression over RMA 
regression (see Hanson and Bartosek , 2012) in studies of brain allometries. The moderate to low 
correlations between the sub-cortical structures and total brain volume offer a partial explanation 
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for the lower allometries in the OLS compared with RMA regression. In fact, the majority of the 
OLS slopes are negatively allometric or isometric in the combined male and female sample. The 
difference between the two types of regression and the biological interpretations offer interesting 
fodder for debate. 
 
5.2.1.2 RMA regression of sub-cortical structures on total brain volume in younger females (ages 
18-35) 
For each of the sub-cortical structures, the mean log(X) value is 14.075. 
Nucleus accumbens 
The nucleus accumbens mean log(Y) is 7.140, the y-intercept is -42.072, and the r-value 
is 0.405.  The slope is positively allometric at slope is 3.500, and highly significantly different 
from isometry (p<0.000). This slope is unexpectedly steep. A look at the OLS regression 
indicates that the slope based on the OLS calculation bring s the slope down to 1.415— still 
positively allometric, but much closer to isometry. The accumbens is proportionally larger in 
larger brained individuals compared with smaller brained individuals. Therefore, in the younger 
female cohort, smaller and larger individuals have differently shaped accumbens.  
Amygdala 
The amygdala mean log(Y) is 7.850, the y-intercept is -45.108, and the r-value is 0.567. 
The slope is positively allometric at 3.763, and significantly different from isometry (p<0.000). 
The OLS regression slope is 2.134. The amygdala is proportionally larger in larger brained 
individuals compared with smaller brained individuals. In the younger female cohort, smaller 
and larger individuals have differently shaped amygdala.  
Caudate nucleus 
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The caudate nucleus mean log(Y) is 9.225, the y-intercept is -13.870, and the r-value is 
0.508. The slope is positively allometric at 1.641, yet not significantly different from isometry 
(p<0.012) (borderline significance). Without using a Bonferroni correction and applying an 
alpha<0.05, the RMA slope would be significantly different from isometry. Based on the 
significance criterion used here, the caudate nucleus is proportionally similar in larger brained 
individuals compared with smaller brained individuals. Therefore, in the younger female cohort, 
smaller and larger individuals have similarly shaped caudate nuclei. For comparison, the OLS 
regression slope is 0.584. 
Hippocampus  
The hippocampus mean log(Y) is 9.187, the y-intercept is -12.730, and the r-value is 
0.640. The slope is positively allometric at 1.557, although not significantly different from 
isometry (p<0.013) (borderline significance). With an alpha of 0.05, the RMA slope would not 
be considered isometric. The hippocampus is proportionally the same in larger brained 
individuals compared with smaller brained individuals. Therefore, in the younger female cohort, 
smaller and larger individuals have hippocampi of the same shape. The OLS regression slope is 
0.997, presented for comparison. 
Pallidum 
The pallidum mean log(Y) is 8.360, the y-intercept is -22.390, and the r-value is 0.553. 
The slope is positively allometric at 2.185, and significantly different from isometry (p<0.000). 
The pallidum is proportionally larger in larger brained individuals compared with smaller 
brained individuals. Therefore, in the younger female cohort, smaller and larger individuals have 
differently shaped pallidum. For comparison, the OLS slope is 1.207. 
Putamen 
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The putamen mean log(Y) is 9.364, the y-intercept is -8.280, and the r-value is 0.480. 
The slope is not significantly different from isometry (p<0.247), and therefore isometric at 1.254. 
The putamen shares the same proportions in larger brained individuals compared with smaller 
brained individuals. Therefore, in the younger female cohort, one cannot distinguish whether 
shape differences exist in smaller and larger individuals. For comparison, the OLS slope is 0.710. 
Thalamus 
The thalamus mean log(Y) is 9.745, the y-intercept is -18.490, and the r-value is 0.576. 
The slope is positively allometric at 2.006, and significantly different from isometry (p<0.000). 
The thalamus is proportionally larger in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the younger female cohort, smaller and larger individuals have 
differently shaped thalami. For comparison, the OLS slope is 1.072. 
 
5.2.1.3 RMA regression of sub-cortical structures on total brain volume in younger males (ages 
18-35) 
For each of the sub-cortical structures, the mean log(X) value is 14.185. 
Nucleus accumbens 
The nucleus accumbens mean log(Y) is 7.246, the y-intercept is -38.969, and the r-value 
is 0.594. The slope is positively allometric at 3.258, and highly significantly different from 
isometry (p<0.000). The accumbens is proportionally much larger in larger-brained individuals 
compared with smaller-brained individuals. Therefore, in the younger male cohort, smaller and 
larger individuals have differently shaped accumbens. The OLS slope is 1.935. 
Amygdala 
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The amygdala mean log(Y) is 8.004, the y-intercept is -25.723, and the r-value is 0.524. 
The slope is positively allometric at 2.378, and significantly different from isometry (p=0.000). 
The amygdala is proportionally larger in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the younger male cohort, smaller and larger individuals have 
differently shaped amygdalae. The OLS slope is 1.247. 
Caudate nucleus 
The caudate nucleus mean log(Y) 9.289, the y-intercept is -6.670, and the r-value is 0.520. 
The slope is isometric at 1.125, and not significantly different from isometry (p=0.588). The 
caudate nucleus is proportionally similar in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the younger male cohort, smaller and larger individuals have 
caudate nuclei of the same shape. The OLS regression slope is 0.584. 
Hippocampus  
The hippocampus mean log(Y) is 9.205, the y-intercept is -1.224, and the r-value is 0.507. 
The slope is negatively allometric at 0.735, but not significantly different from isometry 
(p=0.166). The hippocampus is proportionally the same in larger-brained individuals compared 
with smaller-brained individuals. Therefore, in the younger male cohort, smaller and larger 
individuals have hippocampi of the same shape. For comparison, the OLS regression slope is 
0.372. 
Pallidum 
The pallidum mean log(Y) is 8.534, the y-intercept is -10.203, and the r-value is 0.830. 
The slope is nominally positively allometric at 1.321, but not significantly different from 
isometry (p=0.060). The pallidum is proportionally the same in larger brained individuals 
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compared with smaller brained individuals. Therefore, in the younger male cohort, smaller and 
larger individuals have similarly shaped pallidum. The OLS regression slope is 1.096. 
Putamen 
The putamen mean log(Y) is 9.491, the y-intercept is -6.105, and the r-value is 0.646. 
The slope is isometric at 1.099 (p=0.626). The putamen is proportionally the same in larger 
brained individuals compared with smaller brained individuals. Therefore, in the younger male 
cohort, smaller and larger individuals have putamen of the same shape. The OLS regression 
slope is 0.710. 
Thalamus 
The thalamus mean log(Y) is 9.884, the y-intercept is -10.561, and the r-value is 0.744. 
The slope is positively allometric at 1.441; however, not significantly different from isometry 
(p=0.040). In younger males, the thalamus is proportionally similar to smaller brains. Therefore, 
smaller and larger individuals have similarly shaped thalami. For comparison, the OLS 
regression slope is 1.072. 
ANCOVA results indicate that for the regression of sub-cortical structures on total brain 
volume, younger males and younger females showed no differences between the sexes in slope 
with no statistically significant differences in the regression line, supporting the hypothesis for 
these structures that males and females are scaled version of one another and they have the same 
shape (see Tables 5.24-5.30). No sex differences are observed when accounting for overall brain 
size.  
 
5.2.1.4 RMA regression of sub-cortical structures on total brain volume in older females 
For each of the sub-cortical structures, the mean log(X) value is 14.096. 
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Nucleus accumbens 
The nucleus accumbens mean log(Y) is 7.020, the y-intercept is -31.825, and the r-value 
is 0.322. The slope is positively allometric at 2.756, and highly significantly different from 
isometry (p<0.000). The nucleus accumbens is proportionally larger in larger-brained individuals 
compared with smaller-brained individuals. Therefore, in the older female cohort, smaller and 
larger individuals have differently shaped accumbens nuclei. The OLS slope is 0.888, presented 
for comparison. 
Amygdala 
The amygdala mean log(Y) is 8.009, the y-intercept is -31.825, and the r-value is 0.438. 
The slope is positively allometric at 1.923, and highly significantly different from isometry 
(p<0.000). The amygdala is proportionally larger in larger-brained individuals compared with 
smaller-brained individuals. Therefore, in the older female cohort, smaller and larger individuals 
have differently shaped amygdalae. For comparison, the OLS slope is 0.842. 
Caudate nucleus 
The caudate nucleus mean log(Y) 9.201, the y-intercept is -12.386, and the r-value is 
0.597. The slope is positively allometric at 1.531, and significantly different from isometry 
(p<0.000). The caudate nucleus is proportionally larger in larger-brained individuals compared 
with smaller-brained individuals. Therefore, in the older female cohort, smaller and larger 
individuals have differently shaped caudate nuclei. For comparison, the OLS slope is 0.915. 
Hippocampus  
The hippocampus mean log(Y) is 9.100, the y-intercept is -10.529, and the r-value is 
0.335. The slope is positively allometric at 1.393, and significantly different from isometry 
(p=0.001). The hippocampus is proportionally larger in larger-brained individuals compared with 
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smaller-brained individuals. Therefore, in the older female cohort, smaller and larger individuals 
have differently shaped hippocampi. The OLS slope is 0.467. 
Pallidum 
The pallidum mean log(Y) is 8.386, the y-intercept is -27.530, and the r-value is 0.395. 
The slope is positively allometric at 2.548, and highly significantly different from isometry 
(p<0.000). The pallidum is proportionally larger in larger brained individuals compared with 
smaller brained individuals. Therefore, in the older female cohort, smaller and larger individuals 
have differently shaped pallidum. The OLS regression slope is 1.006, presented for comparison. 
Putamen 
The putamen mean log(Y) is 9.305, the y-intercept is -8.161, and the r-value is 0.430. 
The slope is slightly positively allometric at 1.239, and not different from isometry (p=0.021). 
However, at an alpha of 0.05, the putamen would be considered to be significantly different from 
isometry. The putamen shares similar proportions in both larger-brained and smaller-brained 
individuals. Therefore, in the older female cohort, smaller and larger individuals have similarly 
shaped putamen. The OLS regression slope is 0.533. 
Thalamus 
The thalamus mean log(Y) is 9.691, the y-intercept is -5.986, and the r-value is 0.602. 
The slope at 1.112 is not different from isometry (p=0.194). The thalamus shares the same 
proportions in both larger-brained and smaller-brained individuals. Therefore, in the older female 
cohort, smaller and larger individuals have thalami of the same shape. For comparison, the OLS 
regression slope is 0.670. 
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5.2.1.5 RMA regression of sub-cortical structures on total brain volume in older males  (ages 50-
80) 
For each of the sub-cortical structures, the mean log(X) value is 14.196. 
Nucleus accumbens 
The nucleus accumbens mean log(Y) is 7.087, the y-intercept is -43.720, and the r-value 
is 0.432. The slope is highly positively allometric at 3.579, and significantly different from 
isometry (p<0.000). The accumbens is proportionally larger in larger-brained individuals 
compared with smaller-brained individuals. Therefore, in the older male cohort, smaller and 
larger individuals have differently shaped nuclei accumbens. For comparison, the OLS 
regression slope is 1.546. 
Amygdala 
The amygdala mean log(Y) is 8.112, the y-intercept is -20.336, and the r-value is 0.422.  
The slope is positively allometric at 2.004, and significantly different from isometry (p<0.000). 
The amygdala is proportionally larger in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the older male cohort, smaller and larger individuals have 
differently shaped amygdalae. The OLS regression slope is 0.846. 
Caudate nucleus 
The caudate nucleus mean log(Y) 9.275, the y-intercept is -9.270, and the r-value is 0.635. 
The slope is nominally allometric at 1.306, and is not significantly different from isometry 
(p=0.019) (borderline significance). The caudate nucleus shares the similar proportions in both 
larger and smaller-brained individuals. Therefore, in the older male cohort, smaller and larger 
individuals have caudate nuclei of the same shape. For comparison, the OLS regression slope is 
0.829. 
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Hippocampus  
The hippocampus mean log(Y) is 9.139, the y-intercept is -15.032, and the r-value is 
0.406. The slope is positively allometric at 1.703, and significantly different from isometry 
(p<0.000). The hippocampus is proportionally larger in larger-brained individuals compared with 
smaller-brained individuals. Therefore, in the older male cohort, smaller and larger individuals 
have differently shaped hippocampi. The OLS regression slope is 0.692, presented for 
comparison. 
Pallidum 
The pallidum mean log(Y) is 8.447, the y-intercept is 53.288, and the r-value is  
-0.032. The slope is positively allometric at 3.159, and significantly different from isometry 
(p<0.000). However, as there is no correlation between the pallidum and total brain volume, one 
cannot predict pallidum size based on overall brain size in the older male cohort. The OLS 
regression slope is -0.102. 
Putamen 
The putamen mean log(Y) is 9.390, the y-intercept is -11.678, and the r-value is 0.598. 
The slope is positively allometric at 1.484, and significantly different from isometry (p<0.001). 
The putamen is proportionally larger in larger-brained individuals compared with smaller-
brained individuals. Therefore, in the older male cohort, smaller and larger individuals have 
differently shaped putamen. The OLS regression slope is 0.887. 
Thalamus 
The thalamus mean log(Y) is 9.735, the y-intercept is -9.421, and the r-value is 0.520, 
The slope is isometric at 1.349, and not significantly different from isometry (p=0.017) 
(borderline significance). However, with an alpha of 0.05, the slope would be considered to be 
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allometric. The thalamus shares similar proportions in larger-brained individuals compared with 
smaller-brained individuals. Therefore, in the older male cohort, smaller and larger individuals 
have similarly shaped thalami relative to total brain volume. The OLS regression slope is 0.701, 
presented for comparison. 
For the regression of sub-cortical structures on total brain volume, ANCOVA results 
indicate that older males and older females showed no differences between the sexes in slope and 
in the elevation of regression lines (see Tables 5.31-5.37). However, the pallidum approaches 
significance with a slope of p=0.026, and an elevation of p=0.026. Therefore, with the possible 
exception of the pallidum, male sub-cortical brain structures can be considered scaled up 
versions of female brains and they have the same shape, supporting the hypothesis that males and 
females are scaled versions of one another, even in older individuals.  No sex differences were 
when accounting for overall brain size. The pallidum may be a case where males and females 
show a dissociated allometric pattern, with no relationship between male and female slope. The 
OLS slopes for the pallidum in older males and females are -0.102, and 1.006, respectively. 
It is of note that the older group has fewer regions that are isometric to one another. As 
brain atrophy has a significant effect, it may be that for some of these regions, volume is 
maintained while other (undefined) regions atrophy relative to the size of the sub-cortical 
structures in larger individuals. Another interpretation is perhaps that larger individuals are able 
to preserve size of structure to a greater degree than smaller individuals. A third possibility is the 
effect of sample size. The older group has a larger n than younger group, and this may be closer 
to the true population mean and scaling pattern. However, as it is known that brain volumes can 
be differentially affected by aging confounds this particular interpretation. 
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5.2.2 RMA regression with geometric mean as size variable   
The results fall into a generally expected range of positively allometric, isometric, and 
negatively allometric relations. 
 
5.2.2.1 RMA regression of sub-cortical structures on the geometric mean (GM) in all male and 
female samples combined 
Nucleus Accumbens  
The nucleus accumbens mean log(X) is 8.979, mean log(Y) is 7.074, y-intercept is -
14.459, and the r-value is 0.582. The slope is positively allometric at 2.398, and highly 
significantly different from isometry (p<0.000). This mirrors results from the RMA regression 
on total brain volume. The accumbens is proportionally larger in larger-brained individuals 
compared with smaller-brained individuals. Therefore, in the combined cohort, smaller and 
larger individuals have differently shaped nucleus accumbens. For comparison, the OLS 
regression slope is 1.396. 
Amygdala  
The amygdala mean log(X) is 8.822, mean log(Y) is 8.016, the y-intercept is -6.927, and 
the r-value is 0.411. The slope is positively allometric at 1.694, and significantly different from 
isometry (p<0.000). The amygdala is proportionally larger in larger brained individuals 
compared with smaller brained individuals. Therefore, in the combined cohort, smaller and 
larger individuals have differently shaped amygdala relative to the GM. The OLS regression 
slope is 0.752. 
Caudate nucleus 
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The caudate nucleus mean log(X) is 8.619, the mean log(Y) is 9.232, the y-intercept is 
0.745, and the r-value is 0.531. The slope is isometric at 0.985, and not significantly different 
from isometry (p= 0.803). The caudate nucleus shares the same proportions in both larger and 
smaller brained individuals. Therefore, in the combined cohort, smaller and larger individuals 
have caudate nuclei of the same shape relative to the GM. The OLS regression slope is 0.523. 
Hippocampus 
The hippocampus mean log(X) is 8.636, the mean log(Y) is 9.131, the y-intercept is 
0.699, and the r-value is 0.638, The slope is isometric at 0.976, and not significantly different 
from isometry (p=0.672). The hippocampus shares the same proportion in both larger and 
smaller brained individuals. Therefore, in the combined cohort, smaller and larger individuals 
have hippocampi of the same shape relative to the GM. This result is the same in the combined 
cohort and each of the age and sex classes. It may be that the hippocampus requires maintenance 
of shape regardless of size in order to maintain function. This is perhaps because of its 
interconnectedness with the majority of other regions within the sub-cortex. For comparison, the 
OLS slope is 0.623. 
Pallidum 
The pallidum mean log(X) is 8.755, the mean log(Y) is 8.413, the y-intercept is  
-7.402, and the r-value is 0.520.  The slope is positively allometric at 1.806, and significantly 
different from isometry (p<0.000). The pallidum is proportionally larger in larger brained 
individuals compared with smaller brained individuals. Therefore, in the combined cohort, 
smaller and larger individuals have differently shaped pallidum relative to the GM. The OLS 
regression slope is 0.939. 
Putamen 
105""
The putamen mean log(X) is 8.599, the mean log(Y) is 9.353, the y-intercept is 1.104, 
and the r-value is 0.690. The slope is nominally allometric at 0.959, but not significantly 
different from isometry (p=0.433). The putamen shares the same proportions in both larger and 
smaller brained individuals. Therefore, in the combined cohort, smaller and larger individuals 
have putamen of the same shape relative to the GM. For comparison, the OLS regression slope is 
0.662. 
Thalamus 
The thalamus mean log(X) is 8.536, the mean log(Y) is 9.727, the y-intercept is 1.175, 
and the r-value is 0.740. The slope is isometric at 1.001 (p= 0.970). The thalamus shares the 
same proportions in both larger and smaller brained individuals. Therefore, in the combined 
cohort, smaller and larger individuals have thalami of the same shape relative to the GM. The 
OSL regression slope is 0.741. 
 
5.2.2.2 RMA regression of sub-cortical structures on the geometric mean in younger females 
(ages 18-35) 
Nucleus Accumbens 
The accumbens mean log (X) is 8.955, mean log(Y) is 7.140, the y-intercept is -10.886, 
and the r-value is 0.623. The slope is positively allometric at 2.013, and significantly different 
from isometry (p<0.000). The nucleus accumbens is proportionally larger in larger brained 
individuals compared with smaller brained individuals. Therefore, in the younger female cohort, 
smaller and larger individuals have differently shaped nucleus accumbens relative to the GM. 
For comparison, the OLS regression slope is 1.254. 
Amygdala 
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The amygdala mean log(X) is 8.837, mean log(Y) is 7.850, the y-intercept is  
-10.886, and the r-value is 0.808. The slope is positively allometric at 2.337, and significantly 
different from isometry (p<0.000). The amygdala is proportionally larger in larger brained 
individuals compared with smaller brained individuals. Therefore, in the younger female cohort, 
smaller and larger individuals have differently shaped amygdalae relative to the GM. The OLS 
regression slope is 1.888. 
Caudate nucleus 
The caudate nucleus mean log(X) is 8.608, the mean log(Y) is 9.225, the y-intercept is 
2.129, and the r-value is 0.534. The slope is slightly negatively allometric at 0.824, but not 
significantly different from isometry (p=0.304). The caudate nucleus is proportionally the same 
in both larger and smaller brained individuals. Therefore, in the younger female cohort, smaller 
and larger individuals have caudate nuclei of the same shape relative to the GM. The OLS 
regression slope is 0.440. 
Hippocampus  
The hippocampus mean log(X) is 8.614, the mean log(Y) is 9.187, the y-intercept is  
-2.035, and the r-value is 0.667. The slope is negatively allometric at 0.792, but this is not 
significantly different from isometry (p=0.162). The hippocampus shares the same proportions in 
both larger and smaller brained individuals. Therefore, in the younger female cohort, smaller and 
larger individuals have hippocampi of the same shape relative to the GM. The OLS regression 
slope is 0.528. 
Pallidum 
The pallidum mean log(X) is 8.752, the mean log(Y) is 8.360, the y-intercept is  
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-2.100, and the r-value is 0.859. The slope is negatively allometric at 0.630, but it is not 
significantly different from isometry (p=0.123). Therefore, pallidum shares the same proportions 
in both smaller and larger brained individuals, and in the younger female cohort, smaller and 
larger individuals have pallidum of the same shape relative to the GM. The OLS regression slope 
is 1.027, for comparison. 
Putamen 
The putamen mean log(X) is 8.584, the mean log(Y) is 9.364, the y-intercept is 3.959, 
and the r-value is 0.733. The slope is negatively allometric at 0.630, and significantly different 
from isometry (p=0.004). The putamen is proportionally smaller in larger brained individuals 
compared with smaller brained individuals. Therefore, in the younger female cohort, smaller and 
larger individuals have differently shaped pallidum relative to the GM. For comparison, the OLS 
regression slope is 0.462. 
Thalamus 
The thalamus mean log(X) is 8.521, mean log(Y) is 9.745, slope is 1.072, and the y-
intercept is 0.614. The r-value is 0.800. The slope is isometric at 1.072, and is not significantly 
different from isometry (p=0.603). The thalamus shares the same proportions in both larger and 
smaller individuals, and in the younger female cohort, smaller and larger individuals have 
thalami of the same shape relative to the GM. The OLS regression slope is 0.858. 
 
5.2.2.3 RMA regression of sub-cortical structures on the geometric mean in younger males (ages 
18-35) 
Nucleus accumbens 
The accumbens mean log(X) is 9.068, the mean log(Y) is 7.246, the y-intercept is  
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-21.528, and the r-value is 0.468. The slope is positively allometric at 3.173, and significantly 
different from isometry (p<0.000). The nucleus accumbens is proportionally larger in larger 
brained individuals compared with smaller brained individuals. Therefore, in the younger male 
cohort, smaller and larger individuals have differently shaped pallidum relative to the GM. The 
OLS regression slope is 1.485. 
Amygdala 
The amygdala mean log (X) is 8.942, the mean log(Y) is 8.004, the y-intercept is  
-10.759, and the r-value is 0.478. The slope is allometric at 2.098, and significantly different 
from isometry (p<0.002). The amygdala is relatively larger in larger brained individuals. 
Therefore, in the younger male cohort, smaller and larger individuals have differently shaped 
amygdalae relative to the GM. For comparison, the OLS regression slope is 1.003. 
Caudate nucleus 
The caudate nucleus mean log(X) is 8.727, the mean log(Y) 9.289, the y-intercept is 
1.438, and the r-value is 0.578. The slope is slightly negatively allometric at 0.900, but not 
significantly different from isometry (p= 0.610). The caudate nucleus shares the same 
proportions in smaller and larger brained individuals and therefore, in the younger male cohort, 
smaller and larger individuals have caudate nuclei of the same shape relative to the GM. The 
OLS regression slope is 0.520. 
Hippocampus  
The hippocampus mean log(X) is 8.741, the mean log(Y) is 9.205, the y-intercept is 
4.370, and the r-value is 0.272. The slope is negatively allometric at 0.553, but isometric (p= 
0.019) (borderline significance). The hippocampus is relatively larger in individuals with a 
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smaller GM. However, this relationship is tenuous as the correlation between hippocampus and 
total brain volume is low. The OLS regression slope is 0.150. 
Pallidum 
The pallidum mean log(X) is 8.853 the mean log(Y) is 8.534, the y-intercept is  
-1.272, and the r-value is 0.762. The slope is slightly positively allometric at 1.108, but this is not 
significantly different from isometry (p=0.536). Therefore, the pallidum is similarly proportioned 
in larger and smaller brained individuals. In the younger male cohort, smaller and larger 
individuals have pallidum of similar shapes relative to the GM. The OLS regression slope is 
0.844. 
Putamen 
The putamen mean log(X) is 8.694, the mean log(Y) is 9.491, the y-intercept is 1.774, 
and the r-value is 0.667.  The slope is slightly negatively allometric at 0.888, but it is not 
significantly different from isometry (p=0.530). Therefore, in the younger male cohort the 
putamen shares the same proportions in smaller and larger individuals, and smaller and larger 
individuals have putamen of the same shape relative to the GM. The OLS regression slope is 
0.592, for purposes of comparison. 
Thalamus 
The thalamus mean log(X) is 8.628, the mean log(Y) is 9.884, the y-intercept is -0.743, 
and the r-value is 0.789. The slope has a slight positive allometry at 1.232, but is not 
significantly different from isometry (p=0.191). The thalamus shares the same proportions in 
both smaller and larger brained individuals. Therefore, in the younger male cohort, smaller and 
larger individuals have thalami of the same shape relative to the GM. The OSL regression slope 
is 0.927. 
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ANCOVA results indicate that for the regression of sub-cortical structures on GM, 
younger males and younger females showed no differences between the sexes in slope or 
position of the regression line in all sub-cortical structures measured (see Tables 5.38-5.44). 
Therefore, the results support the hypothesis that male brains are scaled up versions of female 
brains and they have the same shape when accounting for overall brain size. However, it is 
important to keep in mind that these results are relative to the GM as opposed to overall brain 
volume. No other study to my knowledge has looked at this in sub-cortical brain components.  
  
5.2.2.4 RMA regression of sub-cortical structures on the geometric mean in older females (ages 
50-80) 
Nucleus accumbens 
The nucleus accumbens mean log (X) is 8.949, mean log(Y) is 7.020, the y-intercept is -
15.021, and the r-value is 0.491. The slope is positively allometric at 2.463, and significantly 
different from isometry (p<0.000). The nucleus accumbens is proportionally larger in larger 
brained individuals compared with smaller brained individuals. Therefore, in the older female 
cohort, smaller and larger individuals have differently shaped nucleus accumbens relative to the 
GM. For comparison, the OLS regression slope is 1.209. 
Amygdala 
The amygdala mean log (X) is 8.784, log(Y) is 8.009, the y-intercept is -5.759, and the r-
value is 0.458. The slope is positively allometric at 1.567, and significantly different from 
isometry (p<0.000). The amygdala is proportionally larger in larger brained individuals 
compared with smaller brained individuals. Therefore, in the older female cohort, smaller and 
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larger individuals have differently shaped amygdalae relative to the GM. The OLS regression 
slope is 0.718. 
Caudate nucleus 
The caudate nucleus mean log(X) is 8.585, mean log(Y) 9.201, slope is 1.207, and the y-
intercept is -1.158. The r-value is 0.450. The slope is positively allometric at 1.207, but not 
significantly different from isometry (p=0.041). The caudate nucleus shares the same is 
proportions in both smaller and larger brained individuals. Therefore, in the older female cohort, 
smaller and larger individuals have caudate nuclei of similar shapes relative to the GM. The OLS 
regression slope is 0.543. 
Hippocampus  
The hippocampus mean log(X) is 8.602, mean log(Y) is 9.100, the y-intercept is -6.656, 
and the r-value is 0.592. The slope is isometric at 1.111, and not significantly different from 
isometry (p=0.201). In the older female cohort, the hippocampus shares the same proportions and 
therefore, smaller and larger individuals have hippocampi of the same shape relative to the GM. 
The OLS regression slope is 0.658. 
Pallidum 
The pallidum mean log(X) is 8.721, the mean log(Y) is 8.386, slope is 2.166, and the y-
intercept is -10.504, and the r-value is 0.404. The slope is positively allometric at 2.166, and 
significantly different from isometry (p<0.000). In the older female cohort, the pallidum is 
proportionally larger in individuals with a larger GM compared to individuals with a smaller GM. 
Therefore individuals with smaller and larger GMs have differently shaped pallidum relative to 
the GM. The OLS regression slope is 0.875. 
Putamen 
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The putamen mean log(X) is 8.568, mean log(Y) is 9.305, the y-intercept is 0.983, and 
the r-value is 0.649. The slope is isometric at 0.983, and not significantly different from isometry 
(p=0.831). In the older female cohort, the putamen shares the same proportions and the same 
shape relative to the GM. For comparison, the OLS regression slope is 0.638. 
Thalamus 
The thalamus mean log(X) is 8.503, mean log(Y) is 9.691, the y-intercept is 2.261, and 
the r-value is 0.664. The slope is slightly negatively allometric at 0.874, but this is not 
significantly different from isometry (p=0.079). In the older female cohort, the thalamus shares 
the same proportions and the same shape relative to the GM. The OLS regression slope is 0.580. 
 
5.2.2.5 RMA regression of sub-cortical structures on the geometric mean in older males (ages 
50-80) 
Nucleus accumbens 
The accumbens mean log(X) 9.016, mean log(Y) is 7.087, the y-intercept is  
-18.316, and the r-value is 0.715. The slope is positively allometric at 2.817, and significantly 
different from isometry (p=0.000). In the older male cohort, the nucleus accumbens is 
proportionally larger in individuals with a larger GM compared to individuals with a smaller GM. 
Therefore, individuals with smaller and larger GMs have differently shaped pallidum relative to 
the GM. For comparison, the OLS regression slope is 2.014. 
Amygdala 
The amygdala mean log(X) 8.845, mean log(Y) is 8.112, the y-intercept is  
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-2.876, and the r-value is 0.315. The slope is slightly positively allometric at 1.242, but is not 
significantly different from isometry (p=0.117). In the older male cohort, the amygdala shares 
the same proportions and the same shape relative to the GM. The OLS regression slope is 0.391. 
Caudate nucleus 
The caudate nucleus mean log(X) is 8.652, mean log(Y) 9.275, the y-intercept is 2.303, 
and the r-value is 0.535. The slope is slightly negatively allometric at 0.806, and not significantly 
different from isometry (p=0.081). In the older male cohort, the caudate nucleus shares similar 
proportions and similar shape relative to the GM regardless of size of the GM. For comparison, 
the OLS regression slope is 0.431. 
Hippocampus  
The hippocampus mean log(X) 8.674, mean log(Y) is 9.139, the y-intercept is  
-0.643, and the r-value is 0.809. The slope is isometric at 1.128, and not significantly different 
from isometry (p=0.162). In the older male cohort, the hippocampus shares the same proportions 
and the same shape relative to the GM irrespective of the size of the GM. The OLS regression is 
0.913. 
Pallidum 
The pallidum mean log(X) 8.790, mean log(Y) is 8.447, the y-intercept is  
-15.609, and the r-value is 0.425. The slope is positively allometric at 2.167, and significantly 
different from isometry (p<0.000). In the older male cohort, the pallidum is proportionally larger 
in individuals with a larger GM compared to individuals with a smaller GM. Therefore, 
individuals with smaller and larger GMs have differently shaped pallidum relative to the GM. 
The OLS regression is 0.921. 
Putamen 
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The putamen mean log(X) 8.632, mean log(Y) is 9.390, the y-intercept is 1.321, and the 
r-value is 0.600. The slope is isometric at 0.935, and not significantly different from isometry 
(p=0.561). In the older male cohort, the putamen shares the same proportions and the same shape 
relative to the GM regardless of the size of the GM. The OLS regression is 0.561. 
Thalamus 
The thalamus mean log(X) 8.575, mean log(Y) is 9.735, the y-intercept is 2.390, and the 
r-value is 0.735. The slope is isometric at 0.857, and not significantly different from isometry 
(p=0.119). In the older male cohort, the thalamus shares the same proportions and the same 
shape relative to the GM irrespective of the size of the GM. For comparison, the OLS regression 
slope is 0.630. 
ANCOVA results indicate that for the regression of sub-cortical structures on the GM, 
older males and older females showed no differences between the sexes in slope or position of 
the line of regression for the seven sub-cortical structures measured (see Tables 5.45-5.51) 
Therefore, results support the hypothesis that male brains are scaled up versions of female brains, 
and they have the same shape when accounting for overall brain size. The nucleus accumbens is 
a borderline case at p=0.035 for differences in slope, and p=0.036 for differences in the elevation 
of regression line (see Appendix A for Figures illustrating OLS regressions). 
 
5.2.3 Summary of bivariate regression results 
5.2.3.1 RMA regression of sub-cortical structures with total brain volume as a proxy for size 
The major pattern observed across all age and sex categories is that in the RMA 
regression the majority of structures measured scale with positive allometry relative to total brain 
volume, and there are no sex differences in the slope of the regression line in either the younger 
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or older cohort. RMA regression results suggest that relative to total brain volume, the pooled 
data set of younger and older male and female brains scale with positive allometry relative to 
total brain volume, while within each of the sex and age categories, there are slight variations 
from the patterns observed in the combined sample.   
It is important to consider the results from the OLS regression, as they appear to 
corroborate the earlier ratio results for the caudate nucleus, hippocampus, and thalamus better 
than the RMA regression results. This is important because it indicates that the method used for 
calculating the slope can have major implications for the interpretation of the biological meaning 
of slope (Hanson and Bartosek, 2012; Fortsmeier, 2011). However, simply looking at which 
regression method is more similar to the results of the ratios is not enough to choose one method 
over the other. Importantly, the ratios were calculated using untransformed data and the 
regression results used log-transformed data. One should not expect results from transformed and 
untransformed data to be the same.  In addition, regression coefficients are the result of fitting a 
linear model to the entire data set. In contrast, ratios are the result of individual data point 
arithmetical calculations and their subsequent ANOVA (not regression).  It is not unusual that 
the results differ between methods (Bullock, personal communication). 
Reduced major axis regression results suggest that relative to total brain volume, the 
combined data set of younger and older male and female brains scale with significant positive 
allometry relative to total brain volume (p<0.000). For each of the sub-cortical structures, the 
mean log(X) value is 14.129. Each of the sub-cortical structures measured are proportionally 
larger in larger-brained individuals compared with smaller-brained individuals. Therefore, in the 
combined cohort, smaller and larger individuals have differently shaped structures. 
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Within each of the sex and age categories, the individual regions exhibit their own 
distinct scaling pattern depending on sex and age (see Tables 5.12, 5.13). Among the structures 
in younger females that do not conform to the overall (combined cohort) pattern of positive 
allometry include the caudate nucleus, hippocampus, and the putamen, all of which scale 
isometrically to total brain volume. The remaining regions scale with positive allometry in 
younger females. In younger males, the nucleus accumbens and the amygdala scale with positive 
allometry, and the remaining regions scale isometrically to total brain volume. In older females, 
the putamen and thalamus scale isometrically relative to total brain volume, whereas the other 
sub-cortical structures scale with positive allometry. Finally, in older males, the caudate nucleus 
and thalamus scale isometrically relative to total brain volume in contrast to the other regions 
that scale with positive allometry. 
These results call for caution in interpreting samples that ignore possible sources of 
variation such as sex and age that help explain some of the biological variation in the data set. 
For example, in the RMA regression results, the caudate nucleus, putamen, and thalamus scale 
isometrically in three out of four age and sex classes. However, they scale with highly significant 
positive allometry in the combined male and female sample. This may indicate that a larger 
sample size gives a more accurate result of the data presented, or alternatively that having a 
single group that deviates from the pattern of isometry observed in the remaining three groups is 
driving the results of the combined cohort. These varying degrees of allometry and isometry 
suggest one should take heed in interpreting results, especially those involving relatively smaller 
sample sizes that are typical in studies of relative brain size. A third interpretation involves using 
the OLS instead of RMA regression. If the correlation between values of X and Y are high, the 
use of RMA over OLS is inconsequential (Smith, 2009). However, the moderate to weak 
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correlations among a number of the sub-cortical structures in the present study may mean that 
the RMA regression unduly biases the slope upwards, a problem of this method, regardless of the 
presence of error in both X and Y. 
Results from the ANCOVA indicate no significant differences in slope or differences in 
position of the regression line between either younger male and younger female brains or older 
male and older female brains. Therefore, when total brain volume is accounted for, male and 
female brains in both age categories are scaled versions of one another. In other words, they are 
the same shape for all regions analyzed. No sex differences in shape are observed when 
accounting for overall brain size.  
Notably, younger males and females showed no differences in slope and share the same 
shape even with a few differences in the allometry in the RMA regression. For example, the 
pallidum and putamen show clear differences in the slope for RMA (males isometric for each of 
these, whereas females are positively allometric). This may be a reflection of the proportional 
increase in GM to WM ratio that has been demonstrated in females (Allen et al., 2005).  
However, the ANCOVA results in the older individuals in light of the scaling results 
showing significant positive allometry in sub-cortical structures indicate that male and female 
have the same shape relative to one another and scale with positive allometry. The thalamus is an 
exception with similarity in shape with isometry. The putamen in older females and the caudate 
nucleus in older males are exceptions as they follow their own scaling patterns in these two 
groups.  
 
 
  
118""
5.2.3.2 RMA regression of sub-cortical structures on the geometric mean as a proxy for size 
Reduced major axis regression results suggest that relative to the geometric mean (GM), 
sub-cortical structures scale either with positive allometry or isometrically depending on the 
region considered. For the regression of sub-cortical structures on the GM, the combined data set 
suggests a pattern of allometry that varies among regions. The nucleus accumbens, amygdala, 
and pallidum scale with highly significant positive allometry (p<0.000) relative to the GM, 
whereas the caudate nucleus, hippocampus, putamen and thalamus scale isometrically relative to 
the GM. The patterns of allometry and isometry in the pallidum and the putamen vary for age 
and sex.  
The younger cohort shares allometric scaling trends for the nucleus accumbens and the 
amygdala (positive allometry); the caudate nucleus, hippocampus, pallidum, and thalamus 
(isometric). The putamen scales with negative allometry in younger females, and isometrically in 
younger males. 
The older cohort shares allometric scaling trends for the nucleus accumbens and pallidum 
(positive allometry), caudate nucleus, hippocampus, putamen, and thalamus (isometry). As in the 
younger cohort, the amygdala scales with positive allometry in older females and isometrically in 
older males. 
ANCOVA results for the regression of sub-cortical structures on the GM indicate that 
younger males and younger females showed no differences between the sexes in slope for the 
sub-cortical structures measured. Therefore, male brains are scaled up versions of female brains, 
and they have the same shape. There are no sex differences when accounting for overall brain 
size.  
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In the older cohort, ANCOVA results demonstrate that the regression of sub-cortical 
structures on the GM showed no differences between the sexes in slope (alpha=0.007) for the 
seven sub-cortical structures measured. Borderline significance is observed in the nucleus 
accumbens (p=0.035), which shows a trend for sex differences. Therefore, male brains can be 
considered scaled up versions of female brains, and they have the same shape. No sex 
differences are observed when accounting for size the sub-cortices as a whole. This is an 
unexpected result for this region, with no clear reason why the nucleus accumbens would scale 
with significantly positive allometry. Perhaps this is an artifact of size, as the nucleus accumbens 
is a relatively small region, and the tail ends of the distribution are more prone to noise and 
inaccuracies in automated measurements. It also has the largest coefficient of variation for all 
structures and within each of the age and sex categories.  
 
5.2.4 Correlations among regions   
Pearson correlation coefficients for each of the sub-cortical structures with total brain size 
indicate that, in general, structures are strongly correlated. The correlation coefficients in the 
younger female group, correlations amongst the majority of the sub-cortical regions are 
significant. Exceptions include the correlation between the nucleus accumbens and the caudate 
nucleus (r=0.162, p=0.460), between the caudate nucleus and the putamen (r=0.308, p=0.152), 
and hippocampus and the putamen (r=0.390, p=0.066), (Table 5.52). The correlation coefficients 
in this group are generally strong, thereby resulting in low p-values. Interestingly, in younger 
females, the thalamus has significant and high correlations with all other structures measured, a 
possible indication of the degree to which the thalamus is interconnected with other regions in 
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the sub-cortex. Surprisingly, the caudate nucleus and the putamen are non-significant, counter to 
expectations. 
The correlation structure in the younger male group differs from both the younger and 
older female groups (Tables 5.52 and 5.53). As with both female groups, the majority of 
correlations are significant. However, in younger males, correlation between the total volume 
and hippocampus is borderline non-significant (r=0.523, p=0.026). Younger males are non-
significant between the hippocampus and the nucleus accumbens (r=0.334, p=0.175), amygdala 
(r=0.016, p=0.950) caudate nucleus (r=0.124, p=0.624), pallidum (r=0.402, p= 0.098), putamen 
(r=0.243, p=0.331), and thalamus (r=0. 367, p=0.134). Why there are non-significant correlations 
in the younger male hippocampus relative to all other structures with the exception of total brain 
volume is unclear. 
The older female group’s correlation structure indicates a significant correlation between 
all structures (Table 5.53). The correlation coefficients generally are weaker in this group 
compared with younger females. However, the large (n=98) sample size helps to compensate for 
this, resulting in highly significant p-values. 
The correlation structure in the older male group is notable for its lack of significant 
correlations among structures relative to the other three groups. For example, in older males the 
correlation between the pallidum and total brain volume is negative (r= -0.014, p= 0.921), and 
non-significant between pallidum and the amygdala (r=0.091, p=0.530) and the pallidum and the 
caudate nucleus (r=0.217 , p=0.130). There is also a non-significant correlation between the   
amygdala and the putamen (r=0.208, p= 0.147). The sample size in this group is relatively large 
(n=50), but the correlation coefficients weak in numerous instances, resulting in higher p-values. 
This result may indicate that as men in particular age, a breakdown in correlation structure 
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occurs. It may be that the aging process results in a higher degree of variability in whether 
volumetric relationships between structures are maintained.  
Of note, however, is that the hippocampus is the only structure that has approaches a 
significantly difference in slope and intercept (p=0.06) in younger males and females, and the 
pallidum is borderline significantly different between the sexes in the older sample (p=0.02) (see 
also Appendix A for Figures representing the ordinary least squares regressions). 
 
5.3 Multivariate patterns of variation and sex differences for seven sub-cortical structures 
5.3.1 Principal components analysis (PCA) on seven sub-cortical structures  
The principal component loadings on the correlation matrix of log-transformed data on 
all seven sub-cortical structures indicate that PC1 accounts for 53% of the variation (Tables 5.54-
5.56 and Figures 5.71-5.74).   The PCA loadings on component 1 indicate that the first principal 
component is the main component driving the system. As the loadings for the first principal 
component are all relatively equal and of the same sign, PC1 can be interpreted as size and size-
correlated shape (following Jolicoeur, 1963, and Darroch and Mosimann, 1985), The thalamus 
and the putamen have the highest loadings, followed by the hippocampus, nucleus accumbens, 
caudate nucleus, pallidum and amygdala. Component 2 explains 13% of the variation, and if we 
are to take PC2 as the (predominantly) shape vector, then it indicates that shape is of lesser 
importance in describing the data. PC2 indicates a contrast between the amygdala with the 
caudate nucleus and the nucleus accumbens with the hippocampus. The remaining three 
variables all load close to zero. The loadings for PC2 are somewhat difficult to interpret, but they 
may reflect developmental patterns, as the tail of the caudate and the amygdala lie in close 
affinity to one another during early stages of brain development (Hewitt, 1958). The nucleus 
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accumbens and the hippocampus also have functional associations (Goto and O’Donnell, 2001; 
Kelley and Domeshick, 1982) that may result in these two regions loading together in contrast 
with the others. The loadings for PC3 reflect a contrast between the nucleus accumbens, caudate 
nucleus, hippocampus, and putamen against the amygdala, pallidum, and thalamus. Again, this 
may indicate a functional and developmental pattern, but in general, the eigenvector loadings for 
PC3 very difficult to interpret. The eigenvalues of the first 3 principal components (Table 5.55) 
explain 75% of the total variability in the dataset. However, the second and third PC’s have 
eigenvalue contributions of less than 1, making these contributions less than a single variable. 
This can be interpreted as meaning the first principal component is the only component that 
significantly contributes to adequately explaining the structure of the combined data set, yet 
adding PC2 and PC3 brings up the total variation explained to 75%. 
The correlation between the original variables (brain regions) and the first principal 
component show high correlations between the variables and PC1, indicating the first principal 
component does a good job of explaining the variability in the data set (see Table 5.56, 
parentheticals in column of principal component 1).  
The scree plot (Figure 5.71) visually demonstrates the first principal component has very 
high eigenvalue scores (3.686) and the scores drop off precipitously after Component 1 with 
little difference between Component 2 and Component 3. The second eigenvalue is 0.896 and the 
third eigenvalue is 0.667. 
The eigenvectors loadings indicate that for PC1, the sub-cortical structures all load with 
the same sign (positively) and in a similar direction (Table 5.56). Therefore, all of the variables 
contribute similarly to the loadings for Component 1. Eigenvector loadings for Component 2, 
however, show that the caudate nucleus and amygdala load together in contrast to the rest of the 
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variables. The nucleus accumbens and hippocampus have negative values, whereas the pallidum, 
putamen, and thalamus loadings are all close to 0 and load together. The amygdala in particular 
has a high loading of 0.635, the largest loading for the first two principal components.  These 
tables described above are also shown graphically in Figure 5.74 where the component pattern of 
PC2 on PC1 shows grouping of three separate groups that are reflective of the loadings described 
earlier: the caudate nucleus and amygdala in one group, and the nucleus accumbens and the 
hippocampus in another, and the pallidum, putamen, and thalamus in a third grouping.  
 
5.3.2 Principal components of size-free shape 
Size-free or shape components (Jungers, et al., 1995; following Darroch and Mosimann, 
1985; Joliceur, 1963) are measured by taking a ratio of each of the sub-cortical structures on the 
geometric mean. Principal components are then run on these size-free (dimensionless) variables 
(Tables 5.57-5.59, and Figures 5.75, 5.76). 
Principal component loadings for the PCA on the sub-cortical structure and GM ratios 
indicate that Component 1 accounts for 29% of the variance, Component 2 accounts for 22%, 
Component 3 17%, Component 4 accounts for 13%, and Component 5 10%. These results 
indicate that PC1 is the most important; however, PC1 does not explain a high percentage of the 
variation and the proportion of variance explained by each of the components is distributed 
rather evenly throughout components 2 through 6. The eigenvalues of the first three principal 
components are above one, indicating their contributions help in refining the data set by reducing 
it to three components from the original seven. The total eigenvalue contribution for the first 3 
components is 68%. Therefore, the first 3 components describe 68% of the variance in this data 
set. 
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In Component 1, the nucleus accumbens (0.496) and the pallidum (0.229) have the only 
positive loadings and can be considered to load together, although the loadings are not equal. 
These two variables contrast with the loading for the amygdala (which is negligible and close to 
zero) and with the remaining structures (caudate nucleus, hippocampus, putamen, and thalamus) 
that all load with negative allometry. The caudate nucleus (-0.472) and the thalamus (-0.471) 
have the highest negative loadings.  Component 2 shows a contrast between the amygdala, 
caudate nucleus, and pallidum, and the negatively loading structures that include the nucleus 
accumbens, hippocampus, putamen, and thalamus. 
The plot of eigenvalue contribution made by each component (Figure 5.58), shows how 
the amount of variation is explained by each component decreases at a rather even rate. The 
biplot (Figure 5.76), which graphically shows the direction and magnitude of loadings for each 
structure with regards to PC1 and PC2, shows each of the structures contributing nearly equally 
to the data set, and each are loading in different directions, which exemplifies the eigenvalue 
variance and eigenvector loading patterns in this particular data set. 
 
5.3.3 PC1 of sub-cortical structures regressed against total volume  
Principle component 1 scores are plotted against standardized (mean=0, std=1) (Figure 
5.77) and unstandardized (Figure 5.78) values of total brain volume. There is a positive linear 
association between PC1 and total volume, and the R-squared value is 0.449. The figure 
demonstrates that although the majority of females (younger and older) occupy the left and lower 
part of the graph, and males (younger and older), there is a high degree of overlap among these 
four groups. Principal components 1 and 2 are also plotted against one another (Figure 5.79) with 
the four sub-groups highlighted. Again, differences between some groups are significant (Tables 
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5.60 and 5.61), but Figure 5.79 indicates weak differences with a high degree of overlap among 
groups. 
 
5.3.4 Sex differences in multivariate patterns of variation 
ANOVA results reveal significant differences among groups in both PC1 and PC2. For 
example, for PC1 there are significant differences between younger males and the three other 
groups (younger females, older males and older females), and older females with older males. 
For PC2, there is a significant difference between older and    
The results of the PCA of all females (n=121) are similar to the pooled results. PC1 has 
the highest loading accounting for 50% of the variation (Tables 5.62-5.64, Figures 5.80-5.83). 
The loadings for component 1 are all very similar and nearly equal (ranging from 0.336-0.446). 
The thalamus has the highest loading, however, the other regions are very close. Principal 
component 2 accounts for 13% of the variation in the data set. For PC2, the nucleus accumbens, 
hippocampus, and putamen load together, with the amygdala and the caudate nucleus loading 
together in contrast to the three previously listed regions. The loadings for the pallidum and 
thalamus approximate zero. 
Principal component 3 accounts for 10% of the data, and appears to be a contrast between 
the pallidum and the caudate nucleus as the remaining regions all load close to zero. 
PCA for males (n=68) show a slightly different pattern than the females (see Tables 5.65-
5.67 and Figures 5.84-5.87). Principal component 1 accounts for 52% of the variation in the data. 
The majority of structures load equally, with the exception of the amygdala which loads low 
(0.167) relative to the other regions. PC2, which accounts for 15% of the variation and is 
primarily driven by the amygdala. The amygdala loads high (0.833) relative to the remaining 
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regions. PC3 accounts for 10% of the variation. For PC3, the pallidum and amygdala load in 
contrast with the caudate nucleus and the putamen.   
 
5.3.5 Summary of results from principal components analysis 
The results of the principal components analysis support the hypothesis that size is the 
main factor explaining the observed variation in sub-cortical structures in humans. The first 
principal component loadings in the combined sample (N=189) all load relatively equally with 
one another; therefore, the first principal component can be interpreted as describing overall size 
(Jolicoeur and Mosimann, 1960). However, the results also indicate that although size is 
important in describing the variation in sub-cortical structures within a multivariate framework, 
there are also other factors contributing a large amount of variation as well. For example, PC2 
and PC3 together contribute 22% of the variation, meaning the contributions of these two 
components are quite important, and factors other than size need to be considered in 
understanding patterns of variation of sub-cortical structures in the human brain. 
The findings here also suggest that sex and age contribute some degree to the observed 
variation in the sub-cortices. There are small but significant differences each of the age ad sex 
categories, but there is also a high degree of overlap among the four groups. For example, the 
ANOVA for the first principal component shows that younger males are significantly different 
from all of the other age and sex categories (younger females, older males, and older females). 
Older males and older females are also significantly different from one another. Younger females 
are not significantly different from either of the two older groups. To illustrate this point, an 
inspection of the figures depicting PC1 over total brain volume shows a correlation between size 
(as measured by total volume) and the first principal component, with younger males positioned 
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in the upper right hand corner of the graph, older males set lower and slightly to the left of the 
younger males and the data points overlapping to a large extent with younger females. Although 
the size-associated differences among groups for PC1 are subtle, they do exist. Yet is difficult to 
argue that these subtle differences are linked to clear functional differences among groups. 
Larger sample sizes for the younger males and females may bring these differences into sharper 
focus, or it may attenuate them. It is likely that the smaller sample sizes for younger individuals 
are at least partially contributing to the observed differences (and lack thereof) between younger 
males, younger females, older males and older females, which may have a large effect on the 
results seen here.  
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Table 5.1: Univariate statistics of all male and female samples combined for absolute volumes of 
sub-cortical structures and total brain volume (N=189, Female n=121, Male=68) 
 
 Female Male  T- test  
Brain component Mean  Range SD Mean Range SD P > |t| 
Nucleus accumbens 1.178 0.569-1.941 0.291 1.263 0.473-2.473 0.393 0.116 
Amygdala 2.976 1.126-6.136 0.599 3.277 1.754-4.719 0.567 0.001* 
Caudate nucleus 10.036 6.299-13.481 1.302 10.610 5.639-14.204 1.273 0.003* 
Hippocampus 9.161 6.436-14.884 1.178 9.384 5.537-12.048 1.245 0.224 
Pallidum 4.463 2.750-7.495 0.979 4.756 2.139-8.512 1.064 0.060 
Putamen 11.180 8.871-14.128 1.196 12.156 5.759-16.286 1.707 <0.000* 
Thalamus 16.436 11.010-21.181 1.854 17.420 9.138-24.546 2.645 0.007* 
Total brain volume 1322.6 1055.5-1740.4 113 1463.7 1177.7-1831.8 118.2 0.000* 
Note: volumes in cm3. * Significant at alpha=0.01. 
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Table 5.2: Male/Female ratio of total brain volume and sub-cortical 
structures for all male and female samples combined (N=189) 
Brain 
component 
Female volume  
(cm3) 
Male Volume 
(cm3) 
M/F ratio 
N. Accumbens 1.178 1.263 1.072 
Amygdala 2.976 3.277 1.101 
Caudate N. 10.036 10.610 1.057 
Hippocampus 9.1606 9.3834 1.024 
Lateral 
Ventricles 
32.114 36.664 1.142 
Pallidium 4.463 4.756 1.066 
Putamen 11.180 12.156 1.087 
Thalamus 
Proper 
16.436 17.420 1.060 
Total volume 1322.6 1463.7 1.107 
Brain stem/4th 
ventricle 
28.054 25.865 0.922 
N. = denotes nucleus 
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Note: All volume measurements are in cm3. 
SD= standard deviation 
CV= coefficient of variation = SD/mean*100"
 
 
 
  
Table 5.3: Univariate statistics for sub-cortical structures and total brain volume of younger 
females ages 18-35 (n=23) 
Brain component n Mean Std Dev CV Minimum Maximum 
Total brain volume 23 1300.577 110.277 8.479 1087.148 1477.581 
Nucleus accumbens 23 1.313 .35802 27.267 .56940 1.941 
Amygdala 23 2.697 .93305 34.591 1.126 6.136 
Caudate nucleus 23 10.239 1.419 13.861 7.111 13.058 
Hippocampus 23 9.859 1.443 14.634 7.814 14.884 
Pallidum 23 4.341 .76490 17.621 2.815 5.710 
Putamen 23 11.724 1.253 10.688 9.292 14.128 
Thalamus 23 17.293 2.718 15.719 11.010 21.181 
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Note: All volume measurements are in cm3 
SD= standard deviation 
CV= coefficient of variation = SD/mean*100"
 
  
Table 5.4: Univariate statistics for sub-cortical structures and total brain volume of older 
females ages 50-80 (n=98) 
Brain component N Mean Std Dev CV Minimum Maximum 
Total brain volume 98 1328.485 113.228 8.523 1055.509 1740.422 
Nucleus accumbens 98 1.148 .26523 23.956 .580089 1.863 
Amygdala 98 3.046 .46982 15.425 1.766 4.269 
Caudate nucleus 98 9.988 1.269 12.703 6.298 13.481 
Hippocampus 98 9.016 1.063 11.788 6.436 11.334 
Pallidum 98 4.489 1.020 22.721 2.750 7.495 
Putamen 98 11.057 1.147 10.371 8.871 13.659 
Thalamus 98 16.239 1.526 9.395 12.508 20.481 
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Note: All volume measurements are in cm3 
SD= standard deviation 
CV= coefficient of variation = SD/mean*100"
 
  
Table 5.5: Univariate statistics for sub-cortical structures and total brain volume of younger 
males ages 18-35 (n=18) 
Brain component N Mean Std Dev CV Minimum Maximum 
Total brain volume 18 1452.821 133.639 9.199 1215.41 1831.754 
Nucleus accumbens 18 1.461 0.446 30.490 0.897 2.473 
Amygdala 18 3.055 0.616 20.179 1.777 4.019 
Caudate nucleus 18 10.876 1.173 10.790 9.572 14.204 
Hippocampus 18" 9.964 0.651 6.533 8.885 11.047 
Pallidum 18" 5.117 0.607 11.857 4.208 6.513 
Putamen 18" 13.301 1.356 10.197 11.484 16.286 
Thalamus 18" 19.778 2.564 12.966 15.968 24.546 
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Table 5.6: Univariate statistics for sub-cortical structures and total brain volume of older 
males ages 50-80 (n=50) 
Brain component n Mean Std Dev CV Minimum Maximum 
Total brain volume 50 1466.933 100.459 6.848 1254.297 1713.29 
Nucleus accumbens 50 1.234 0.323 26.115 0.805 2.168 
Amygdala 50 3.366 0.456 13.550 2.362 4.574 
Caudate nucleus 50 10.706 0.949 8.867 8.404 12.621 
Hippocampus 50 9.374 1.112 11.864 7.317 12.048 
Pallidum 50 4.768 1.048 21.989 2.484 8.512 
 Putamen 50 12.027 1.221 10.153 8.976 14.567 
Thalamus 50 16.964 1.611 9.500 14.285 21.401 
Note: All measurements are in cm3.  
SD= standard deviation 
CV= coefficient of variation = SD/mean*100 
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Table 5.7: Least square means for effect of sex and age—younger individuals (ages 18-35) 
Volumes (cm3) 
Younger Male  
LS Mean (SE) 
Younger Female  
LS Mean (SE) T-test P-value 
Total brain volume 1452.821 (25.690) 1300.577 (23.956) <0.000** 
Nucleus accumbens 1.462 (0.073) 1.313 (0.068) 0.133 
Amygdala 3.0546 (0.127) 2.697 (0.119) 0.043* 
Caudate nucleus 10.877 (0.289) 10.239 (0.270) 0.094 
Hippocampus 9.965 (0.263) 9.859 (0.245) 0.761 
Pallidum 5.117 (0.227) 4.341 (0.212) 0.012* 
Putamen 13.301 (0.310) 11.724 (0.289) <0.000** 
Thalamus 19.778 (0.471) 17.293 (0.439) <0.000** 
Note: SE denotes standard error. Males (n=18), females (n=23). All volumetric measurements 
are in cm3. 
* significant at alpha <0.05. 
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Table 5.8: Least square means for effect of sex and age—older individuals (ages 50-80) 
Volumes (cm3) 
Older Male  
LS Mean (SE) 
Older Female  
LS Mean (SE) T test P-value 
Total volume 1466.933 1327.774 (11.665) <0.000* 
Nucleus accumbens 1.234 1.1455 (0.033) 0.116 
Amygdala 3.366 3.042 (0.058) 0.001* 
Caudate nucleus 10.707 9.988 (0.131) 0.001* 
Hippocampus 9.375 8.995 (0.119) 0.062 
Pallidum 4.768 4.492 (0.103) 0.099 
Putamen 12.027 11.050 (0.141) <0.000* 
Thalamus 16.965 16.233 (0.214) 0.025* 
Note: SE denotes standard error. Males (n=50), Females (n=121). All volumetric 
measurements are in cm3. 
* significant at alpha <0.05.  
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Table 5.9: Descriptive statistics of ratios of sub-cortical brain regions to total brain volume for 
all male and female samples combined (N=189). Higher ratios (regardless of significance) are 
designated by a greater than sign ( >). Mean, range, and SD multiplied by 104 to increase 
readability. 
 Females (n=121) Males (n=68) % diff 
M/F 
T-test  
Brain 
component ratio 
Mean Range SD Mean Range SD  Pr > |t| 
N. accumbens 
ratio 
8.91> 4.41-13.4 2.03 8.59 3.24-15.8 2.41 96.409 0.362 
Amygdala ratio 22.5> 9.51-42.2 3.99 22.4 11.9-28.8 3.35 99.556 0.85 
Caudate n. ratio 76.0> 54.7-107.0 8.32 72.6 42.0-89.6 7.61 95.526 0.005* 
Hippocampus 
ratio 
69.5> 44.5-102.0 8.47 64.3 37.5-79.4 8.29 92.518 <0.000* 
Pallidum ratio 33.7> 21.3-56.7 6.60 32.6 14.5-58.7 7.28 96.736 0.295 
Putamen ratio 84.8> 62.2-113.0 9.00 83.1 46.4-106.0 10.6 97.995 0.264 
Thalamus ratio 125.0
> 
92.0-164.0 12.1 119.0 61.8-155.0 16.4 95.2 0.019* 
*Female and male ratios significantly different, with the female ratio the larger of the two. N.=nucleus. 
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Table 5.10: Least square means for effect of sex and age for ratios of sub-cortical 
structure divided by total brain volume—younger individuals (ages 18-35) 
Ratio 
Younger Male (n=18) 
LS Mean Ratio (SE) 
Younger Female (n=23) 
LS Mean Ratio (SE) Pr > |t| 
Nucleus accumbens 9.986 (0.474) 10.063 (0.442) 0.902+ 
Amygdala 20.982 (0.817) 20.569 (0.762) 0.715 
Caudate nucleus 75.094 (1.795) 78.844 (1.674) 0.110+ 
Hippocampus 68.920 (1.799) 75.785 (1.678) 0.004*+ 
Pallidum 35.194 (1.539) 33.327 (1.435) 0.368 
Putamen 91.756 (2.073) 90.391 (1.933) 0.588 
Thalamus 136.063 (2.886) 132.874 (2.691) 0.356 
Note: Ratios multiplied by 10,000 for readability. SE denotes standard error.  
*significant at alpha <0.05 
+female larger 
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Table 5.11: Least square means for effect of sex and age for ratios of sub-cortical 
structure divided by total brain volume —older individuals (ages 50-80) 
Ratio 
Older Male  
LS Mean Ratio (SE) 
Older Female  
LS Mean Ratio (SE) T test P-value 
Nucleus accumbens 8.386 (0.297) 8.631 (0.215) 0.456+ 
Amygdala 22.964 (0.512) 22.939 (0.371) 0.985 
Caudate nucleus 73.048 (1.124) 75.273 (0.815) 0.092+ 
Hippocampus 63.991 (1.127) 67.998 (0.817) 0.002*+ 
Pallidum 32.654 (0.964) 33.815 (0.699) 0.327+ 
Putamen 82.032 (1.298) 83.506 (0.942) 0.291+ 
Thalamus 115.799 (1.807) 122.537 (1.310) 0.001*+ 
Note: Ratios multiplied by 10,000. SE denotes standard error. Older males n=50, older 
females n=98. 
* significant at alpha <0.05 
+female larger 
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Bivariate analyses 
 
 
Table 5.12: Significance and direction of allometries for reduced major axis regression of 
sub-cortical structures on total brain volume. All age and sex categories combined. 
Region Pooled Young fem Young male Older fem Older male 
Nucl. accumbens +(0.000) +(0.000) +(0.000) +(0.000) +(0.000) 
Amygdala +(0.000) +(0.000) +(0.000) +(0.000) +(0.000) 
Caudate nucleus +(0.000) iso (0.012) iso(0.588) +(0.000) iso(0.019) 
Hippocampus +(0.000) iso (0.013) iso(0.166) +(0.001) +(0.000) 
Pallidum +(0.000) +(0.000) iso(0.060) +(0.000) +(0.000) 
Putamen +(0.000) iso(0.247) iso(0.626) iso(0.021) +(0.001) 
Thalamus +(0.000) +(0.000) iso(0.040) iso (0.194) iso (0.017) 
Note: + signifies positive allometry, - signifies negative allometry, iso signifies isometry. 
Numbers in parentheses indicate p-values (alpha = 0.007) 
Nucl. accumbens is Nucleus accumbens. 
Pooled N=189, Young females n=23, young males n=18, older female n =98, older males 
n=50. 
 
 
Table 5.13: Significance and direction of allometries for reduced major axis regression of 
sub-cortical structures on the geometric mean. All age and sex categories combined. 
Region Pooled Young fem Young male Older fem Older male 
Nucl. accumbens +(0.000) +(0.000) +(0.000) +(0.000) +(0.000) 
Amygdala +(0.000) +(0.000) +(0.002) +(0.000) iso(0.117) 
Caudate nucleus iso(0.803) iso (0.304) iso(0.610) iso(0.041) iso(0.081) 
Hippocampus iso(0.672) iso (0.162) iso(0.019) iso(0.201) iso(0.162) 
Pallidum +(0.000) iso(0.123) iso(0.536) +(0.000) +(0.000) 
 Putamen iso(0.433) -(0.004) iso(0.530) iso(0.831) iso(0.561) 
Thalamus iso(0.970) iso(0.603) iso(0.191) iso (0.079) iso (0.119) 
Note: + signifies positive allometry, - signifies negative allometry, iso signifies isometry. 
Numbers in parentheses indicate p-values (alpha = 0.007) 
Nucl. accumbens = Nucleus accumbens 
Pooled N=189, Young females n=23, young males n=18, older females n=98, older males 
n=50. 
 
 
 
 
 
 
 
 
 
 
 
140$$
Table 5.14: Reduced major axis (RMA) regression of sub-cortical structures by total brain volume for all male and female samples 
combined (N=189). Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA  
slope 
lower 
limit 
upper 
limit y-int. 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. Accumbens 14.128 7.074 2.738 2.398 3.126 -31.607 -36.753 -26.461 0.387 0.000 1.060 
Amygdala 14.128 8.016 2.137 1.889 2.418 -22.177 -25.918 -18.435 0.512 0.000 1.094 
Caudate n. 14.128 9.232 1.307 1.167 1.465 -9.240 -11.342 -7.139 0.615 0.000 0.804 
Hippocampus 14.128 9.131 1.279 1.120 1.461 -8.941 -11.347 -6.535 0.385 0.000 0.492 
Pallidum 14.128 8.413 2.219 1.942 2.535 -22.935 -27.123 -27.123 0.378 0.000 0.839 
Putamen 14.128 9.353 1.251 1.110 1.409 -8.317 -10.431 -6.202 0.558 0.000 0.698 
Thalamus 14.128 9.727 1.291 1.147 1.453 -8.516 -10.676 -6.356 0.571 0.000 0.737 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
 
  
 
Table 5.15:  Reduced major axis (RMA) regression of sub-cortical structures by total brain volume in younger males (n=18). Ordinary 
least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope 
lower 
limit 
upper 
limit 
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 14.185 7.246 3.258 2.153 4.931 -38.969 -58.676 -19.263 0.594 0.000 1.935 
Amygdala 14.185 8.004 2.378 1.536 3.681 -25.723 -40.942 -10.503 0.524 0.000 1.246 
Caudate n. 14.185 9.289 1.125 0.726 1.744 -6.670 -13.896 0.557 0.520 0.588 0.585 
Hippocampus 14.185 9.205 0.735 0.472 1.144 -1.224 -5.989 3.542 0.507 0.166 0.373 
Pallidum 14.185 8.534 1.321 0.987 1.768 -10.203 -15.740 -4.666 0.830 0.060 1.096 
Putamen 14.185 9.491 1.099 0.741 1.631 -6.105 -12.416 0.207 0.646 0.626 0.710 
Thalamus 14.185 9.884 1.441 1.019 2.040 -10.561 -17.802 -3.319 0.744 0.040 1.072 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
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Table 5.16:  Reduced major axis (RMA) regression of sub-cortical structures by total brain volume in younger females (n=23). 
Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope 
lower 
limit 
upper 
limit 
y-
intercept 
lower 
limit y 
upper 
limit y r p-value 
OLS 
slope 
N. accumbens 14.075 7.140 3.496 2.335 5.236 -42.072 -62.494 -21.650 0.405 0.000 1.416 
Amygdala 14.075 7.850 3.763 2.611 5.423 -45.108 -64.902 -25.314 0.567 0.000 2.134 
Caudate n. 14.075 9.225 1.641 1.120 2.403 -13.870 -22.899 -4.841 0.508 0.012 0.834 
Hippocampus 14.075 9.187 1.557 1.106 2.192 -12.730 -20.372 -5.088 0.640 0.013 0.996 
Pallidum 14.075 8.360 2.185 1.509 3.162 -22.390 -34.021 -10.759 0.553 0.000 1.208 
Putamen 14.075 9.364 1.254 0.850 1.848 -8.280 -15.304 -1.257 0.480 0.247 0.602 
Thalamus 14.075 9.745 2.006 1.395 2.884 -18.490 -28.963 -8.016 0.576 0.000 1.155 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
 
 
 
 
Section 1.01 Table 5.17:  Reduced major axis (RMA) regression of sub-cortical structures by total brain volume in older females 
(n=98). Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope 
lower 
limit 
upper 
limit 
y-
intercept 
lower 
limit y 
upper 
limit y r p-value 
OLS 
slope 
N. accumbens 14.096 7.02 2.756 2.277 3.334 -31.825 -39.275 -24.374 0.322 0 0.887 
Amygdala 14.096 8.009 1.923 1.604 2.305 -19.096 -24.033 -14.159 0.438 0 0.842 
Caudate n. 14.096 9.201 1.531 1.303 1.8 -12.386 -15.893 -8.879 0.597 0 0.914 
Hippocampus 14.096 9.1 1.393 1.152 1.683 -10.529 -14.276 -6.782 0.335 0.001 0.467 
Pallidum 14.096 8.386 2.548 2.117 3.066 -27.53 -34.214 -20.845 0.395 0 1.006 
Putamen 14.096 9.305 1.239 1.033 1.486 -8.161 11.356 -4.966 0.43 0.021 0.533 
Thalamus 14.096 9.691 1.112 0.947 1.306 -5.986 -8.522 -3.45 0.602 0.194 0.669 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
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Table 5.18:  Reduced major axis (RMA) regression of sub-cortical structures by total brain volume in older males (n= 50). Ordinary 
least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope  
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 14.196 7.087 3.579 2.763 4.636 -43.720 -57.018 -30.422 0.432 0.000 1.546 
Amygdala 14.196 8.112 2.004 1.545 2.599 -20.336 -27.820 -12.851 0.422 0.000 0.846 
Caudate n. 14.196 9.275 1.306 1.046 1.632 -9.270 -13.430 -5.111 0.635 0.019 0.829 
Hippocampus 14.196 9.139 1.703 1.310 2.213 -15.032 -21.443 -8.622 0.406 0.000 0.691 
Pallidum 14.196 8.447 3.159 -4.205 
-
2.373 53.288 40.281 66.296 -0.032 0.000 -0.101 
Putamen 14.196 9.390 1.484 1.178 1.869 -11.678 -16.580 -6.775 0.598 0.001 0.887 
Thalamus 14.196 9.735 1.349 1.056 1.725 -9.421 -14.170 -4.671 0.520 0.017 0.701 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
 
 
 
 
Table 5.19:  Reduced major axis (RMA) regression of sub-cortical structures by the geometric mean for all male and female samples 
combined (N=189). Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope 
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 8.979 7.074 2.398 2.133 2.696 -14.459 -16.985 -11.933 0.582 0.000 1.396 
Amygdala 8.822 8.016 1.694 1.489 1.927 -6.927 -8.858 -4.995 0.444 0.000 0.752 
Caudate n. 8.619 9.232 0.985 0.872 1.112 0.745 -0.292 1.783 0.531 0.803 0.523 
Hippocampus 8.636 9.131 0.976 0.874 1.091 0.699 -0.238 1.636 0.638 0.672 0.623 
Pallidum 8.755 8.413 1.806 1.597 2.043 -7.402 -9.352 -5.453 0.520 0.000 0.939 
Putamen 8.599 9.353 0.959 0.864 1.065 1.104 0.242 1.965 0.690 0.433 0.662 
Thalamus 8.536 9.727 1.002 0.909 1.104 1.175 0.345 2.005 0.740 0.970 0.741 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
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Table 5.20:  Reduced major axis (RMA) regression of sub-cortical structures by the geometric mean in younger females (n=23). 
Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope  
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 8.955 7.140 2.013 1.421 2.851 -10.886 -17.286 -4.486 0.623 0.000 1.254 
Amygdala 8.837 7.850 2.337 1.794 3.044 -12.799 -18.321 -7.278 0.808 0.000 1.888 
Caudate n. 8.608 9.225 0.824 0.567 1.199 2.129 -0.595 4.853 0.534 0.304 0.440 
Hippocampus 8.614 9.187 0.792 0.568 1.103 4.641 0.061 4.675 0.667 0.162 0.528 
Pallidum 8.752 8.360 1.195 0.950 1.504 -2.100 -4.529 0.328 0.859 0.123 1.027 
Putamen 8.584 9.364 0.630 0.465 0.853 3.959 2.290 5.627 0.733 0.004 0.462 
Thalamus 8.521 9.745 1.072 0.819 1.403 0.614 -1.874 3.103 0.800 0.603 0.858 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
 
 
 
 
Table 5.21:  Reduced major axis (RMA) regression of sub-cortical structures by the geometric mean in older females (n=98). 
Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope 
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 8.949 7.020 2.463 2.067 2.936 -15.021 -18.911 -11.132 0.491 0.000 1.209 
Amygdala 8.784 8.009 1.567 1.310 1.875 -5.759 -8.239 -3.279 0.458 0.000 0.718 
Caudate n. 8.585 9.201 1.207 1.008 1.444 -1.158 -3.032 0.717 0.450 0.041 0.543 
Hippocampus 8.602 9.100 1.111 0.945 1.308 -6.656 -2.022 1.101 0.592 0.201 0.658 
Pallidum 8.721 8.386 2.166 1.801 2.604 -10.504 -14.005 -7.003 0.404 0.000 0.875 
Putamen 8.568 9.305 0.983 0.844 1.147 0.879 -0.420 2.178 0.649 0.831 0.638 
Thalamus 8.503 9.691 0.874 0.751 1.016 2.261 1.135 3.387 0.664 0.079 0.580 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
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Table 5.22:  Reduced major axis (RMA) regression of sub-cortical structures by the geometric mean in younger males (n=18). 
Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope  
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 9.068 7.246 3.173 2.018 4.991 -21.528 -35.009 -8.048 0.468 0.000 1.485 
Amygdala 8.942 8.004 2.098 1.338 3.291 -10.759 -19.492 -2.027 0.478 0.002 1.003 
Caudate n. 8.727 9.289 0.900 0.591 1.369 1.438 -1.957 4.833 0.578 0.610 0.520 
Hippocampus 8.741 9.205 0.553 0.339 0.903 4.370 1.904 6.836 0.272 0.019 0.150 
Pallidum 8.853 8.534 1.108 0.791 1.552 -1.272 -4.641 2.096 0.762 0.536 0.844 
Putamen 8.694 9.491 0.888 0.604 1.305 1.774 -1.273 4.820 0.667 0.530 0.592 
Thalamus 8.628 9.884 1.232 0.894 1.697 -0.743 -4.205 2.718 0.789 0.191 0.972 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
 
 
 
 
Section 1.02 Table 5.23: Reduced major axis (RMA) regression of sub-cortical structures by the geometric mean in older males 
(n=50). Ordinary least squares (OLS) regression slopes presented for comparison. 
Region mean(log(X)) mean(log(Y)) 
RMA 
slope  
lower 
limit  
upper 
limit  
y-
intercept 
lower 
limit y 
upper 
limit y r 
p-
value 
OLS 
slope 
N. accumbens 9.016 7.087 2.817 2.303 3.446 -18.316 -23.469 -13.162 0.715 0.000 2.014 
Amygdala 8.845 8.112 1.242 0.946 1.631 -2.876 -5.903 0.151 0.315 0.117 0.391 
Caudate n. 8.652 9.275 0.806 0.632 1.027 2.303 0.593 4.013 0.535 0.081 0.431 
Hippocampus 8.674 9.139 1.128 0.951 1.337 -0.643 -2.313 1.027 0.809 0.162 0.913 
Pallidum 8.790 8.447 2.167 1.671 2.810 -10.603 -15.609 -5.598 0.425 0.000 0.921 
Putamen 8.632 9.390 0.935 0.743 1.177 1.321 -0.553 3.194 0.600 0.561 0.561 
Thalamus 8.575 9.735 0.857 0.705 1.041 2.390 0.945 3.834 0.735 0.119 0.630 
r=Pearson correlation coefficient on logged values. P-test indicates if significantly different from isometry. N.=nucleus. 
All data natural log-transformed. Original volumes measured in cm3 prior to log-transformation. 
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Figures Chapter 5 
 
 
Reduced major axis regression for sub-cortical structures on total brain volume in younger 
females 
 
 
 
Figure 5.1: Reduced major axis (RMA) regression of the nucleus accumbens on total brain volume for all 
male and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is 
RMA regression line.  
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Figure 5.2: Reduced major axis (RMA) regression of the amygdala on total brain volume for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is RMA 
regression line. 
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Figure 5.3: Reduced major axis (RMA) regression of the caudate nucleus on total brain volume for all male 
and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is RMA 
regression line. 
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Figure 5.4: Reduced major axis (RMA) regression of the hippocampus on total brain volume for all male 
and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is RMA 
regression line. 
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Figure 5.5: Reduced major axis (RMA) regression of the pallidum on total brain volume for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is RMA 
regression line. 
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Figure 5.6: Reduced major axis (RMA) regression of the putamen on total brain volume for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.7: Reduced major axis (RMA) regression of the thalamus on total brain volume for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Reduced major axis regression for sub-cortical structures on total brain volume in younger males 
 
Figure 5.8: Reduced major axis (RMA) regression of the nucleus accumbens on total brain volume for the 
younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.9: Reduced major axis (RMA) regression of the amygdala on total brain volume for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
 
  
14.0 14.1 14.2 14.3 14.4
7
.6
7
.8
8
.0
8
.2
log(tot.volX)
lo
g
(A
m
y
g
d
a
la
Y
)
154$$
 
Figure 5.10: Reduced major axis (RMA) regression of the caudate nucleus on total brain volume for the 
younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.11: Reduced major axis (RMA) regression of the hippocampus on total brain volume for the 
younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.12: Reduced major axis (RMA) regression of the pallidum on total brain volume for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.13: Reduced major axis (RMA) regression of the putamen on total brain volume for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.14: Reduced major axis (RMA) regression of the thalamus on total brain volume for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Reduced major axis regression for sub-cortical structures on total brain volume in younger 
females 
 
 
Figure 5.15: Reduced major axis (RMA) regression of the nucleus accumbens on total brain volume for the 
younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.16: Reduced major axis (RMA) regression of the amygdala on total brain volume for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.17: Reduced major axis (RMA) regression of the caudate nucleus on total brain volume for the 
younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.18: Reduced major axis (RMA) regression of the hippocampus on total brain volume for the 
younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.19: Reduced major axis (RMA) regression of the pallidum on total brain volume for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.20: Reduced major axis (RMA) regression of the putamen on total brain volume for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.21: Reduced major axis (RMA) regression of the thalamus on total brain volume for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.22: R Reduced major axis (RMA) regression of the nucleus accumbens on total brain volume for 
the older females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.23: Reduced major axis (RMA) regression of the amygdala on total brain volume for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.24: Reduced major axis (RMA) regression of the caudate nucleus on total brain volume for the 
older females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.25: Reduced major axis (RMA) regression of the hippocampus on total brain volume for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.26: Reduced major axis (RMA) regression of the pallidum on total brain volume for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.27: Reduced major axis (RMA) regression of the putamen on total brain volume for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.28: Reduced major axis (RMA) regression of the thalamus on total brain volume for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.29: Reduced major axis (RMA) regression of the nucleus accumbens on total brain volume for the 
older males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.30: Reduced major axis (RMA) regression of the amygdala on total brain volume for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.31: Reduced major axis (RMA) regression of the caudate nucleus on total brain volume for the 
older males (ages 50-380, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.32: Reduced major axis (RMA) regression of the hippocampus on total brain volume for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.33: Reduced major axis (RMA) regression of the pallidum on total brain volume for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.34: Reduced major axis (RMA) regression of the putamen on total brain volume for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.35: Reduced major axis (RMA) regression of the thalamus on total brain volume for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.36: Reduced major axis (RMA) regression of the nucleus accumbens on the geometric mean for all 
male and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the 
RMA regression line. 
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Figure 5.37: Reduced major axis (RMA) regression of the amygdala on the geometric mean for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.38: Reduced major axis (RMA) regression of the caudate nucleus on the geometric mean for all 
male and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the 
RMA regression line. 
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Figure 5.39: Reduced major axis (RMA) regression of the hipocampus on the geometric mean for all male 
and female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the 
RMA regression line. 
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Figure 5.40: Reduced major axis (RMA) regression of the pallidum on the geometric mean for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.41: Reduced major axis (RMA) regression of the putamen on the geometric mean for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.42: Reduced major axis (RMA) regression of the thalamus on the geometric mean for all male and 
female samples combined (N=189). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.43: Reduced major axis (RMA) regression of the nucleus accumbens on the geometric mean for 
the younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.44: Reduced major axis (RMA) regression of the amygdala on the geometric mean for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.45: Reduced major axis (RMA) regression of the caudate nucleus on the geometric mean for the 
younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.46: Reduced major axis (RMA) regression of the hippocampus on the geometric mean for the 
younger males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.47: Reduced major axis (RMA) regression of the pallidum on the geometric mean for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.48: Reduced major axis (RMA) regression of the putamen on the geometric mean for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.49: Reduced major axis (RMA) regression of the thalamus on the geometric mean for the younger 
males (ages 18-35, n=18). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.50: Reduced major axis (RMA) regression of the nucleus accumbens on the geometric mean for 
the older males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.51: Reduced major axis (RMA) regression of the amygdala on the geometric mean for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.52: Reduced major axis (RMA) regression of the caudate nucleus on the geometric mean for the 
older males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.53: Reduced major axis (RMA) regression of the hippocampus on the geometric mean for the 
older males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.54: Reduced major axis (RMA) regression of the pallidum on the geometric mean for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.55: Reduced major axis (RMA) regression of the putamen on the geometric mean for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.56: Reduced major axis (RMA) regression of the thalamus on the geometric mean for the older 
males (ages 50-80, n=50). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.57: Reduced major axis (RMA) regression of the nucleus accumbens on the geometric mean for 
the younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the 
RMA regression line. 
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Figure 5.58: Reduced major axis (RMA) regression of the amygdala on the geometric mean for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.59: Reduced major axis (RMA) regression of the caudate nucleus on the geometric mean for the 
younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.60: Reduced major axis (RMA) regression of the hippocampus on the geometric mean for the 
younger females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.61: Reduced major axis (RMA) regression of the pallidum on the geometric mean for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.62: Reduced major axis (RMA) regression of the putamen on the geometric mean for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.63: Reduced major axis (RMA) regression of the thalamus on the geometric mean for the younger 
females (ages 18-35, n=23). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.64: Reduced major axis (RMA) regression of the nucleus accumbens on the geometric mean for 
the older females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.65: Reduced major axis (RMA) regression of the amygdala on the geometric mean for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.66: Reduced major axis (RMA) regression of the caudate nucleus on the geometric mean for the 
older females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.67: Reduced major axis (RMA) regression of the hippocampus on the geometric mean for the 
older females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA 
regression line. 
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Figure 5.68: Reduced major axis (RMA) regression of the pallidum on the geometric mean for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Figure 5.69: Reduced major axis (RMA) regression of the putamen on the geometric mean for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
 
  
8.4 8.5 8.6 8.7 8.8
9
.1
9
.2
9
.3
9
.4
9
.5
log(GMsubcort6X)
lo
g
(P
u
ta
m
e
n
Y
)
214$$
 
Figure 5.70: Reduced major axis (RMA) regression of the thalamus on the geometric mean for the older 
females (ages 50-80, n=98). Solid line is the line of isometry (slope=1). Dashed line is the RMA regression 
line. 
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Table 5.24:  Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on nucleus accumbens 
with total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -13.742 5.222 -2.63 0.012 
log(tot.vol) 1.935 0.717 2.7 0.011 
Sex 3.830 7.033 0.54 0.589 
log(tot.vol):Sex -0.519 0.973 -0.53 0.597 
Residual standard error: 0.2654 on 37 degrees of freedom 
Multiple R-squared: 0.2676, Adjusted R-squared: 0.2082  
F-statistic: 4.507 on 3 and 37 DF,  p-value: 0.008586 
 
 
Table 5.25: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on amygdala with total 
brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -7.977 4.716 -1.69 0.099 
log(tot.vol) 1.247 0.648 1.92 0.062 
Sex -6.375 6.352 -1 0.322 
log(tot.vol):Sex 0.887 0.879 1.01 0.319 
Residual standard error: 0.2397 on 37 degrees of freedom 
Multiple R-squared: 0.3597, Adjusted R-squared: 0.3078  
F-statistic:  6.93 on 3 and 37 DF,  p-value: 0.0008109  
 
 
Table 5.26: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on caudate nucleus 
with total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -1.872 2.175 -0.86 0.395 
log(tot.vol) 1.082 0.624 1.734 0.091 
Sex -1.783 2.929 -0.61 0.546 
log(tot.vol):Sex 0.249 0.405 0.61 0.543 
Residual standard error: 0.1105 on 37 degrees of freedom 
Multiple R-squared: 0.3092, Adjusted R-squared: 0.2532  
F-statistic:  5.52 on 3 and 37 DF,  p-value: 0.003099  
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Table 5.27: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the hippocampus 
with total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -0.413 1.737 -0.24 0.813 
log(tot.vol) 0.372 0.239 1.56 0.127 
Sex -4.451 2.339 -1.9 0.065 
log(tot.vol):Sex 0.624 0.324 1.93 0.061 
Residual standard error: 0.08826 on 37 degrees of freedom 
Multiple R-squared: 0.3896, Adjusted R-squared: 0.3401  
F-statistic: 7.873 on 3 and 37 DF, p-value: 0.0003467 
 
 
 
Table 5.28: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the pallidum with 
total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -6.353 2.536 -2.51 0.017 
log(tot.vol) 1.096 0.348 3.15 0.003 
Sex -0.846 3.416 -0.25 0.806 
log(tot.vol):Sex 0.111 0.473 0.23 0.816 
Residual standard error: 0.1289 on 37 degrees of freedom 
Multiple R-squared: 0.5351, Adjusted R-squared: 0.4974  
F-statistic:  14.2 on 3 and 37 DF, p-value: 2.597e-06 
 
 
Table 5.29: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the putamen with 
total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -2.583 1.752 -1.47 0.149 
log(tot.vol) 0.710 0.241 2.95 0.006 
Sex 0.725 2.360 0.31 0.761 
log(tot.vol):Sex -0.108 0.327 -0.33 0.743 
Residual standard error: 0.08906 on 37 degrees of freedom 
Multiple R-squared: 0.498, Adjusted R-squared: 0.4573  
F-statistic: 12.23 on 3 and 37 DF,  p-value: 1.041e-05  
 
 
  
217$$
 
Table 5.30: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the thalamus with 
total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -4.826 2.432 -1.98 0.055 
log(tot.vol) 1.072 0.334 3.21 0.003 
Sex -0.620 3.275 -0.19 0.851 
log(tot.vol):Sex 0.084 0.453 0.18 0.855 
Residual standard error: 0.1236 on 37 degrees of freedom 
Multiple R-squared: 0.503, Adjusted R-squared: 0.4627  
F-statistic: 12.48 on 3 and 37 DF,  p-value: 8.677e-06  
 
 
Table 5.31: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the nucleus accumbens 
with total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -11.090 3.360 -3.3 0.001 
log(tot.vol) 1.546 0.461 3.35 0.001 
Sex 4.822 3.872 1.25 0.215 
log(tot.vol):Sex -0.659 0.533 -1.24 0.219 
Residual standard error: 0.2223 on 144 degrees of freedom 
Multiple R-squared: 0.1495, Adjusted R-squared: 0.1318  
F-statistic: 8.437 on 3 and 144 DF,  p-value: <.0001 
 
 
Table 5.32: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the amygdala with 
total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -4.961 2.118 -2.34 0.021 
log(tot.vol) 0.846 0.291 2.91 0.004 
Sex 0.010 2.441 0 0.997 
log(tot.vol):Sex -0.004 0.336 0.01 0.991 
Residual standard error: 0.1401 on 144 degrees of freedom 
Multiple R-squared: 0.263, Adjusted R-squared: 0.2476  
F-statistic: 17.13 on 3 and 144 DF,  p-value: 1.444e-09  
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Table 5.33: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the caudate nucleus 
with total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -3.676 1.423 -2.58 0.011 
log(tot.vol) 0.829 0.195 4.25 <0.0001 
Sex -0.607 1.640 -0.37 0.712 
log(tot.vol):Sex 0.086 0.226 0.38 0.705 
Residual standard error: 0.09415 on 144 degrees of freedom 
Multiple R-squared: 0.4179, Adjusted R-squared: 0.4058  
F-statistic: 34.46 on 3 and 144 DF,  p-value: < 2.2e-16 
 
 
Table 5.34: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the hippocampus with 
total brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -2.809 1.666 -1.69 0.094 
log(tot.vol) 0.692 0.229 3.03 0.003 
Sex 1.648 1.920 0.86 0.392 
log(tot.vol):Sex -0.225 0.264 -0.85 0.396 
Residual standard error: 0.1102 on 144 degrees of freedom 
Multiple R-squared: 0.1513, Adjusted R-squared: 0.1336  
F-statistic: 8.556 on 3 and 144 DF,  p-value: 2.884e-05  
 
 
Table 5.35: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the pallidum with total 
brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 2.281 3.110 0.73 0.464 
log(tot.vol) -0.102 0.427 -0.24 0.812 
Sex -8.037 3.584 -2.24 0.026 
log(tot.vol):Sex 1.108 0.493 2.25 0.026 
Residual standard error: 0.2057 on 144 degrees of freedom 
Multiple R-squared: 0.1191, Adjusted R-squared: 0.1007  
F-statistic: 6.487 on 3 and 144 DF, p-value: 0.0003785  
 
 
Table 5.36: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the putamen with total 
brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -3.981 1.375 -2.89 0.004 
log(tot.vol) 0.887 0.189 4.7 <0.0001 
Sex 2.548 1.585 1.61 0.110 
log(tot.vol):Sex -0.354 0.218 -1.62 0.107 
Residual standard error: 0.09097 on 144 degrees of freedom 
Multiple R-squared: 0.3402, Adjusted R-squared: 0.3265  
F-statistic: 24.75 on 3 and 144 DF,  p-value: 5.643e-13  
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Table 5.37: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the thalamus with total 
brain volume as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -2.284 1.163 -1.96 0.052 
log(tot.vol) 0.701 0.160 4.39 <0.0001 
Sex 0.254 1.340 0.19 0.850 
log(tot.vol):Sex -0.032 0.185 -0.17 0.864 
Residual standard error: 0.07694 on 144 degrees of freedom 
Multiple R-squared: 0.3635, Adjusted R-squared: 0.3502  
F-statistic: 27.41 on 3 and 144 DF,  p-value: 4.411e-14  
 
 
 
Table 5.38: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the nucleus 
accumbens with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -1.972 8.820 -0.224 0.824 
log(GMsubcort1X) 1.024 0.979 1.046 0.302 
Sex -2.119 6.830 -0.310 0.758 
log(GMsubcort1X):Sex 0.230 0.755 0.304 0.763 
Residual standard error: 0.2522 on 37 degrees of freedom 
Multiple R-squared: 0.3385, Adjusted R-squared: 0.2849  
F-statistic: 6.311 on 3 and 37 DF,  p-value: 0.001445 
 
 
 
Table 5.39: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the amygdala 
with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -16.697 6.717 -2.486 0.018 
log(GMsubcort2X) 2.772 0.757 3.664 0.001 
Sex 7.862 4.916 1.599 0.118 
log(GMsubcort2X):Sex -0.884 0.552 -1.603 0.118 
Residual standard error: 0.1943 on 37 degrees of freedom 
Multiple R-squared: 0.5792, Adjusted R-squared: 0.545  
F-statistic: 16.97 on 3 and 37 DF,  p-value: 4.266e-07 
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Table 5.40: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the caudate 
nucleus with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 6.128 3.075 1.993 0.054 
log(GMsubcort3X) 0.359 0.355 1.012 0.318 
Sex -0.690 2.337 -0.295 0.770 
log(GMsubcort3X):Sex 0.080 0.269 0.299 0.766 
Residual standard error: 0.1077 on 37 degrees of freedom 
Multiple R-squared: 0.3442, Adjusted R-squared: 0.291  
F-statistic: 6.473 on 3 and 37 DF,  p-value: 0.001239  
 
Table 5.41: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the hippocampus 
with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 1.394 2.475 0.563 0.577 
log(GMsubcort4X) 0.905 0.286 3.168 0.003 
Sex 3.247 1.838 1.767 0.086 
log(GMsubcort4X):Sex -0.377 0.211 -1.787 0.082 
Residual standard error: 0.08822 on 37 degrees of freedom 
Multiple R-squared: 0.3902, Adjusted R-squared: 0.3408  
F-statistic: 7.892 on 3 and 37 DF,  p-value: 0.0003409  
 
 
 
Table 5.42: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the pallidum with 
the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -2.322 2.816 -0.825 0.415 
log(GMsubcort5X) 1.211 0.320 3.781 0.001 
Sex 1.694 2.113 0.802 0.428 
log(GMsubcort5X):Sex -0.184 0.239 -0.767 0.448 
Residual standard error: 0.09061 on 37 degrees of freedom 
Multiple R-squared: 0.7702, Adjusted R-squared: 0.7516  
F-statistic: 41.34 on 3 and 37 DF,  p-value: 6.698e-12  
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Table 5.43: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the putamen with 
the geometric mean as covariate 
Coefficients: Estimate 
Std. 
Error t value Pr(>|t|) 
(Intercept) 6.462 2.154 3.000 0.005 
log(GMsubcort6X) 0.331 0.250 1.326 0.193 
Sex -1.061 1.641 -0.646 0.522 
log(GMsubcort6X):Sex 0.131 0.189 0.691 0.494 
Residual standard error: 0.07537 on 37 degrees of freedom 
Multiple R-squared: 0.6405, Adjusted R-squared: 0.6113  
F-statistic: 21.97 on 3 and 37 DF,  p-value: 2.430e-08 
 
 
 
Table 5.44: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between younger males and females (ages 18-35) on the thalamus 
with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 3.387 2.902 1.167 0.251 
log(GMsubcort7X) 0.742 0.339 2.191 0.035 
Sex -0.943 2.208 -0.427 0.672 
log(GMsubcort7X):Sex 0.115 0.257 0.448 0.657 
Residual standard error: 0.09639 on 37 degrees of freedom 
Multiple R-squared: 0.6976, Adjusted R-squared: 0.6731  
F-statistic: 28.46 on 3 and 37 DF,  p-value: 1.026e-09  
 
 
 
Table 5.45: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the nucleus 
accumbens with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 3.457 4.707 0.734 0.464 
log(GMsubcort1X) 0.406 0.525 0.774 0.440 
Sex -7.268 3.415 -2.128 0.035 
log(GMsubcort1X):Sex 0.805 0.380 2.119 0.036 
Residual standard error: 0.1941 on 144 degrees of freedom 
Multiple R-squared: 0.3513, Adjusted R-squared: 0.3378  
F-statistic:    26 on 3 and 144 DF,  p-value: 1.691e-13  
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Table 5.46: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the amygdala with 
the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) -1.240 2.909 -0.426 0.671 
log(GMsubcort2X) 1.044 0.331 3.159 0.002 
Sex 2.945 2.010 1.465 0.145 
log(GMsubcort2X):Sex -0.326 0.228 -1.432 0.154 
Residual standard error: 0.1408 on 144 degrees of freedom 
Multiple R-squared: 0.2557, Adjusted R-squared: 0.2402  
F-statistic: 16.49 on 3 and 144 DF,  p-value: 2.891e-09  
 
 
 
Table 5.47: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the caudate nucleus 
with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 3.530 2.058 1.715 0.089 
log(GMsubcort3X) 0.655 0.239 2.740 0.007 
Sex 1.009 1.436 0.702 0.484 
log(GMsubcort3X):Sex -0.112 0.166 -0.674 0.501 
Residual standard error: 0.1045 on 144 degrees of freedom 
Multiple R-squared: 0.283, Adjusted R-squared: 0.2681  
F-statistic: 18.95 on 3 and 144 DF,  p-value: 2.056e-10 
 
 
Table 5.48: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the hippocampus 
with the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 1.155 4.317 0.268 0.789 
log(GMsubcort4X) 0.829 0.494 1.680 0.095 
Sex -0.400 3.043 -0.132 0.896 
log(GMsubcort4X):Sex 0.046 0.347 0.132 0.896 
Residual standard error: 0.08747 on 144 degrees of freedom 
Multiple R-squared: 0.4655, Adjusted R-squared: 0.4544  
F-statistic:  41.8 on 3 and 144 DF,  p-value: < 2.2e-16  
 
 
  
223$$
Table 5.49: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the pallidum with 
the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 1.155 4.317 0.268 0.789 
log(GMsubcort5X) 0.829 0.494 1.680 0.095 
Sex -0.400 3.043 -0.132 0.896 
log(GMsubcort5X):Sex 0.046 0.347 0.132 0.896 
Residual standard error: 0.198 on 144 degrees of freedom 
Multiple R-squared: 0.1839, Adjusted R-squared: 0.1669  
F-statistic: 10.81 on 3 and 144 DF,  p-value: 1.884e-06 
 
 
 
Table 5.50: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the putamen with 
the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 3.126 1.607 1.945 0.054 
log(GMsubcort6X) 0.716 0.187 3.825 0.000 
Sex 0.711 1.126 0.631 0.529 
log(GMsubcort6X):Sex -0.077 0.131 -0.592 0.555 
Residual standard error: 0.0808 on 144 degrees of freedom 
Multiple R-squared: 0.4795, Adjusted R-squared: 0.4686  
F-statistic: 44.21 on 3 and 144 DF,  p-value: < 2.2e-16  
 
 
 
Table 5.51: Analysis of covariance (ANCOVA) on natural log-transformed data testing for 
differences in slope between older males and females (ages 50-80) on the thalamus with 
the geometric mean as covariate 
Coefficients: Estimate Std. Error t value Pr(>|t|) 
(Intercept) 5.184 1.342 3.862 0.000 
log(GMsubcort7X) 0.530 0.157 3.368 0.001 
Sex -0.426 0.947 -0.450 0.654 
log(GMsubcort7X):Sex 0.050 0.111 0.451 0.653 
Residual standard error: 0.06827 on 144 degrees of freedom 
Multiple R-squared: 0.4988, Adjusted R-squared: 0.4884  
F-statistic: 47.78 on 3 and 144 DF,  p-value: < 2.2e-16 
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Table 5.52: Correlation matrixes of sub-cortical structures and total brain volume for younger males 
(below diagonal) and younger females (above diagonal)  
 
Total 
vol. 
Nucleus 
accumbens Amygdala 
Caudate 
Nucleus 
Hippo-
campus Pallidum Putamen Thalamus 
total volume  0.483 0.551 0.490 0.629 0.601 0.513 0.602 
  0.019 0.007 0.018 0.001 0.002 0.012 0.002 
N. 
Accumbens 0.617  0.529 0.162 0.477 0.685 0.727 0.571 
 0.006  0.009 0.460 0.021 0.000 0.000 0.004 
Amygdala 0.582 0.168  0.601 0.806 0.723 0.502 0.695 
 0.011 0.506  0.002 0.000 0.000 0.015 0.000 
Caudate N. 0.582 0.493 0.572  0.462 0.605 0.308 0.662 
 0.011 0.038 0.013  0.026 0.002 0.152 0.001 
Hippo-
campus 0.523 0.334* 0.016* 0.124*  0.608 0.390 0.575 
 0.026 0.175 0.950 0.624  0.002 0.066 0.004 
Pallidum 0.841 0.573 0.502 0.587 0.402*  0.722 0.696 
 0.000 0.013 0.034 0.010 0.098  0.000 0.000 
Putamen 0.679 0.442 0.467 0.369 0.243* 0.667  0.650 
 0.002 0.066 0.051 0.131 0.331 0.003  0.001 
Thalamus 0.751 0.462 0.783 0.372 0.367* 0.581 0.720  
 0.000 0.054 0.000 0.128 0.134 0.012 0.001  
Pearson correlation coefficients (r) are presented with the corresponding p-value underneath in italics. 
Significant correlations (alpha <0.05) are in bold, non-significant correlations indicated by an asterisk (*). 
Males presented in left lower triangle (in red), and females in right upper triangle (in black). For younger 
females n=23, and for younger males n=18. 
N.= nucleus $$ $
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Table 5.53: Correlation matrixes of sub-cortical structures and total brain volume for older males (below 
diagonal) and older females (above diagonal) 
 
Total 
vol. 
Nucleus 
accumbens Amygdala 
Caudate 
n. 
Hippo- 
campus Pallidum Putamen Thalamus 
total volume  0.370 0.446 0.603 0.350 0.414 0.435 0.617 
  0.000 0.000 0.000 0.000 0.000 0.000 0.000 
N. 
accumbens 0.435  0.296 0.255 0.553 0.261 0.450 0.447 
 0.002  0.003 0.011 0.000 0.009 0.000 0.000 
Amygdala 0.412 0.313  0.375 0.342 0.257 0.429 0.419 
 0.003 0.027  0.000 0.001 0.011 0.000 0.000 
Caudate N.  0.637 0.487 0.270  0.207 0.258 0.477 0.510 
 0.000 0.000 0.058  0.041 0.010 0.000 0.000 
Hippo-
campus 0.415 0.749 0.378 0.453  0.310 0.482 0.606 
 0.003 0.000 0.007 0.001  0.002 0.000 0.000 
Pallidum -0.014* 0.370 0.091* 0.217* 0.495  0.370 0.361 
 0.921 0.008 0.530 0.130 0.000  0.000 0.000 
Putamen 0.590 0.512 0.208* 0.621 0.611 0.320  0.531 
 0.000 0.000 0.147 0.000 0.000 0.023  0.000 
Thalamus 0.520 0.738 0.304 0.500 0.703 0.294 0.622  
 0.000 0.000 0.032 0.000 0.000 0.038 0.000  
Pearson correlation coefficients are presented with the corresponding p-value underneath in italics. Significant 
correlations (alpha <0.05) are in bold (note: all significant in the older female group). Males presented in left 
lower triangle (in red), and females in right upper triangle (in black). For older females n=98, and for older males 
n=50. 
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Table 5.54: Correlation matrix on log-transformed variables for all male and female samples 
combined (N=189)  
  
Accumbens Amygdala Caudate 
Hippo-
campus Pallidium Putamen Thalamus 
Accumbens 1.000 0.263 0.329 0.582 0.389 0.540 0.553 
Amygdala 0.263 1.000 0.416 0.305 0.317 0.342 0.449 
Caudate 0.329 0.416 1.000 0.313 0.327 0.509 0.525 
Hippocampus 0.582 0.305 0.313 1.000 0.414 0.524 0.608 
Pallidium 0.389 0.317 0.327 0.414 1.000 0.455 0.437 
Putamen 0.540 0.342 0.509 0.524 0.455 1.000 0.650 
Thalamus 0.553 0.449 0.525 0.608 0.437 0.650 1.000 
 
 
 
 
Table 5.55: Eigenvalues of the correlation matrix of log-
transformed variables for all male and female samples combined 
(N=189) 
  Eigenvalue Difference Proportion Cumulative 
1 3.686 2.790 0.527 0.527 
2 0.896 0.229 0.128 0.655 
3 0.667 0.051 0.095 0.750 
4 0.616 0.189 0.088 0.838 
5 0.427 0.029 0.061 0.899 
6 0.398 0.088 0.057 0.956 
7 0.310   0.044 1.000 
 
 
 
 
Table 5.56: Eigenvectors oof the correlation matrix of log-transformed variables for all 
males and females combined (N=189) 
  Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
Accumbens 0.382 (0.733) -0.431 -0.154 0.168 0.779 0.068 -0.068 
Amygdala 0.303 (0.582) 0.635 0.214 0.633 0.133 -0.145 0.137 
Caudate 0.347 (0.666) 0.498 -0.347 -0.482 0.107 0.503 0.118 
Hippocampus 0.392 (0.753) -0.392 -0.039 0.340 -0.494 0.433 0.379 
Pallidium 0.337 (0.647) -0.065 0.860 -0.357 0.032 0.093 -0.072 
Putamen 0.422 (0.810) -0.066 -0.180 -0.303 -0.115 -0.713 0.414 
Thalamus 0.443 (0.850) 0.005 -0.190 0.060 -0.324 -0.128 -0.802 
For principal component 1, the correlation between the first principal component and the original 
variables are indicated in parentheses. 
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 a)           b)  
 
Figure 5.71: Scree plots of the eigenvalue variance and proportion of variance explained by the seven principal 
components for the PCA on the correlation matrix of log-transformed values. a) Scree plot of the distribution of 
eigenvalues for the seven principal components of the correlation matrix of log-transformed values. b) The 
proportion of the total variance explained by each of the principal components. Cumulative variance depicted as a 
dashed line. 
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Figure 5.72: Component Scores Matrix for the PCA of the correlation matrix on log-transformed variables 
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Figure 5.73: The correlation between each of the principal components and the seven sub-cortical structures. 
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Figure 5.74: Component pattern for principal component 2 and principal component 1 for the seven sub-cortical 
structures of all males and females combined (N=189). 
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Table 5.57: Correlation matrix of log-transformed variables on the geometric mean ratios for all male 
and female samples combined (N=189) 
  Accumbens Amygdala Caudate 
Hippo- 
campus Pallidium Putamen Thalamus 
Accumbens 1.000 -0.433 -0.471 -0.158 -0.248 -0.297 -0.321 
Amygdala -0.433 1.000 0.029 -0.256 -0.199 -0.241 -0.104 
Caudate -0.471 0.029 1.000 -0.022 -0.211 0.248 0.212 
Hippocampus -0.158 -0.256 -0.022 1.000 -0.192 0.139 0.221 
Pallidium -0.248 -0.199 -0.211 -0.192 1.000 -0.168 -0.266 
Putamen -0.297 -0.241 0.248 0.139 -0.168 1.000 0.260 
Thalamus -0.321 -0.104 0.212 0.221 -0.266 0.260 1.000 
N. = nucleus $$$
 
Table 5.58: Eigenvalues of the correlation matrix of log-transformed variables on the 
geometric mean ratios for all male and female samples combined (N=189) 
  Eigenvalue Difference Proportion Cumulative 
1 2.028 0.512 0.290 0.290 
2 1.516 0.338 0.217 0.506 
3 1.178 0.254 0.168 0.675 
4 0.924 0.233 0.132 0.807 
5 0.691 0.029 0.099 0.905 
6 0.662 0.661 0.095 1.000 
7 0.000 0.000 0.000 1.000 
 
 
 
 
Table 5.59: Eigenvectors of the correlation matrix of ratios of log-transformed variables on 
the geometric mean for all males and females combined (N=189) 
 Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
ratioAccumbens 0.496 (0.706) -0.452 0.324 -0.261 na na -0.607 
ratioAmygdala na (na) 0.666 0.409 0.262 na -0.300 -0.475 
ratioCaudate -0.472 (-0.672) 0.189 na -0.438 -0.292 0.623 -0.275 
ratioHippocampus -0.256 (-0.356) -0.424 na 0.690 -0.460 0.102 -0.235 
ratioPallidum 0.229 (0.326) 0.214 -0.824 0.102 0.134 na -0.436 
ratioPutamen -0.435 (-0.620) -0.238 -0.200 -0.393 -0.157 -0.698 -0.217 
ratioThalamus -0.471 (-0.671) -0.187 na 0.173 0.810 0.114 -0.194 
For principal component 1, the correlation between the first principal component and the original 
variables are indicated in parentheses. 
na indicates not available (value approximates zero). 
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Figure 5.75: Histogram of eigenvalues for each component on the ratios of sub-cortical structures on the geometric 
mean 
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Figure 5.76: Biplot of principal component 1 (x-axis) and principal component 2 (y-axis) on the geometric mean 
ratios.  As noted in text in section 5.3.2, the vectors are a graphic depiction the direction and magnitude of loadings 
for each structure with regards to PC1 and PC2. PC1 is on the x-axis and labeled Component 1, whereas PC2 is the 
y-axis, labeled Component 2. 
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Figure 5.77: Regression of principal component 1 on total brain volume. Total brain volume is standardized to zero. 
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Figure 5.78: Principal component 1 regressed on total volume (unstandardized) of the four sub-groups. 
Note: OF= Older females, OM=Older males, YF=Younger females, YM= Younger males 
R-square value=0.449. 
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Figure 5.79: Scores of principal component 2 and principal component 1 for the four sex and age sub-categories. 
Note: OF= Older females, OM=Older males, YF=Younger females, YM= Younger males $$$ $
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Table 5.60: Significant differences between groups for  
principal component 1 
i/j 1 2 3 4 
1   <0.000 0.114 <0.0001 
2 <0.000   0.265 0.005 
3 0.114 0.265   0.001 
4 <0.000 0.005 <0.000   
1=Older females, 2=Older males, 3=younger females, 
4=Younger males 
 
 
 
 $
$
 
 
 
 
  
Table 5.61: Significant differences between groups for 
principal component 2 
i/j 1 2 3 4 
1   0.037 <0.000 0.022 
2 0.037   <0.000 0.001 
3 <0.000 <0.000   0.153 
4 0.022 0.001 0.153   
1=Older females, 2=Older males, 3=Younger females,  
4=Younger males 
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Table 5.62: Correlation matrix of log-transformed variables on younger and older females combined 
(n=121) 
  
Accumbens Amygdala Caudate 
Hippo-
campus Pallidium Putamen Thalamus 
Accumbens 1.000 0.278 0.240 0.538 0.322 0.531 0.468 
Amygdala 0.278 1.000 0.385 0.322 0.362 0.342 0.490 
Caudate 0.240 0.385 1.000 0.256 0.296 0.432 0.529 
Hippocampus 0.538 0.322 0.256 1.000 0.337 0.484 0.592 
Pallidium 0.322 0.362 0.296 0.337 1.000 0.426 0.401 
Putamen 0.531 0.342 0.432 0.484 0.426 1.000 0.545 
Thalamus 0.468 0.490 0.529 0.592 0.401 0.545 1.000 
 
 
 
 
Table 5.63: Eigenvalues of the correlation matrix of log-
transformed variables on younger and older females combined  
(n=121) 
  Eigenvalue Difference Proportion Cumulative 
1 3.484 2.554 0.498 0.498 
2 0.931 0.217 0.133 0.631 
3 0.714 0.071 0.102 0.733 
4 0.643 0.137 0.092 0.825 
5 0.506 0.100 0.072 0.897 
6 0.407 0.093 0.058 0.955 
7 0.314   0.045 1.000 
 
 
 
Table 5.64: Eigenvectors of the correlation matrix on log-transformed variables of younger and older 
females combined (n=121) 
  Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
Accumbens 0.371 -0.522 -0.054 0.006 0.517 0.562 -0.069 
Amygdala 0.338 0.455 0.164 -0.689 0.381 -0.111 0.140 
Caudate 0.336 0.550 -0.438 0.406 -0.056 0.335 0.334 
Hippocampus 0.391 -0.421 -0.113 -0.296 -0.546 -0.092 0.513 
Pallidium 0.334 0.122 0.842 0.294 -0.220 0.174 -0.002 
Putamen 0.415 -0.138 -0.050 0.410 0.340 -0.722 0.028 
Thalamus 0.446 0.082 -0.233 -0.132 -0.350 -0.013 -0.775 
For principal component 1, the correlation between the first principal component and the original variables 
are indicated in parentheses. 
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a)           b)  
 
Figure 5.80: Scree plots of the eigenvalue variance and proportion of variance explained by the seven principal 
components for the PCA on the correlation matrix of log-transformed values for all females. a) Scree plot of the 
distribution of eigenvalues for the seven principal components of the correlation matrix of log-transformed values. 
b) The proportion of the total variance explained by each of the principal components. Cumulative variance depicted 
as a dashed line. 
  
240$$
$
 
Figure 5.81: Component Scores Matrix for the PCA of the correlation matrix on log-transformed variables of all 
females (n=121).  
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Figure 5.82: The correlation between each of the principal components and the seven sub-cortical structures for all 
females (n=121). 
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Figure 5.83: Component pattern for principal component 2 and principal component 1 for the seven sub-cortical 
structures for all female samples (n=121). 
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Table 5.65: Correlation matrix of log-transformed variables on younger and older males combined 
(n=68) 
  
Accumbens Amygdala Caudate 
Hippo-
campus Pallidium Putamen Thalamus 
Accumbens 1.000 0.142 0.458 0.640 0.451 0.520 0.643 
Amygdala 0.142 1.000 0.330 0.165 0.089 0.123 0.243 
Caudate 0.458 0.330 1.000 0.364 0.270 0.513 0.404 
Hippocampus 0.640 0.165 0.364 1.000 0.520 0.566 0.608 
Pallidium 0.451 0.089 0.270 0.520 1.000 0.397 0.409 
Putamen 0.520 0.123 0.513 0.566 0.397 1.000 0.713 
Thalamus 0.643 0.243 0.404 0.608 0.409 0.713 1.000 
 
 
Table 5.66: Eigenvalues of the correlation matrix of log-transformed 
variables on younger and older males (n=68) 
  Eigenvalue Difference Proportion Cumulative 
1 3.604 2.555 0.515 0.515 
2 1.049 0.339 0.150 0.665 
3 0.710 0.123 0.102 0.766 
4 0.587 0.102 0.084 0.850 
5 0.485 0.130 0.069 0.919 
6 0.355 0.146 0.051 0.970 
7 0.209   0.030 1.000 
 
 
 
Table 5.67: Eigenvectors of the correlation matrix of log-transformed variables on 
younger and older males (n=68) 
  Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
Accumbens 0.427 -0.129 -0.017 -0.079 -0.684 0.424 0.383 
Amygdala 0.167 0.833 0.413 -0.261 0.075 0.009 0.182 
Caudate 0.343 0.403 -0.360 0.695 -0.145 -0.087 -0.281 
Hippocampus 0.426 -0.189 0.204 -0.200 -0.245 -0.789 -0.135 
Pallidium 0.335 -0.291 0.677 0.440 0.321 0.217 -0.018 
Putamen 0.426 -0.070 -0.414 -0.053 0.546 -0.114 0.573 
Thalamus 0.443 -0.032 -0.170 -0.454 0.211 0.360 -0.628 
For principal component 1, the correlation between the first principal component and the 
original variables are indicated in parentheses. 
 
244$$
$
a)           b) 
 
Figure 5.84: Scree plots of the eigenvalue variance and proportion of variance explained by the seven principal 
components for the PCA on the correlation matrix of log-transformed values for males (n=68). a) Scree plot of the 
distribution of eigenvalues for the seven principal components of the correlation matrix of log-transformed values. 
b) The proportion of the total variance explained by each of the principal components. Cumulative variance depicted 
as a dashed line. 
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Figure 5.85: Component Scores Matrix for the PCA of the correlation matrix on log-transformed variables of all 
males (n=68).   
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Figure 5.86: The correlation between each of the principal components and the seven sub-cortical structures for the 
all-male sample (n=68). 
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Figure 5.87: Component pattern for principal component 2 and principal component 1 for the seven sub-cortical 
structures for all-male sample (n=68).
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Chapter 6. Discussion 
I analyze data from 189 healthy adult men and women in two age cohorts (younger and 
older) to investigate the relationship between size, sex, and age in sub-cortical brain structures 
using an allometric framework. Historically, sub-cortical structures have typically been studied 
from a medical perspective in order to better understand normal versus pathological brain 
function and volume and tend not to be explored within an evolutionarily allometric framework. 
Allometry helps to account for changes in shape with a concomitant change in size. As numerous 
studies investigating sexual dimorphism are interests in normative variation in order to compare 
with pathology, looking at how studies determine what is normal is important. For example, 
mean differences between groups are often used in studies of sex differences, even if whole brain 
volume is taken into account by the use of ratios (proportionality). However, this does not 
account for variation in the data. Often, there is extensive overlap in ranges between normal 
brains and those that are considered to have pathologies. Clinically, as some studies do not 
account for differences in whole brain size when measuring brain regions,, and some pathologies 
are purportedly detected by differences in overall volume, it is important to understand whether 
differences in regional size are due to allometric scaling or pathology. If volume itself is used as 
a diagnostic, then without accounting for other possible causes or patterns of size variation may 
lead to misdiagnoses.  
 Results from this study support the contention that sex differences between males and 
females are moderate to non-existent, depending on how the differences are measured and the 
region considered. These results support some of the results reported in the literature, but 
contrast others. This may be in part because many studies (including the present one) are 
working with a smaller-than-necessary sample size. Secondly, over-reporting of sex differences 
249$$
$
appear to be common, at least with regards to genetic variants in common diseases (Patsopoulos 
et al., 2007). Finally, it may be that regardless of sample size, differences among studies may 
simply be the result of sampling from different populations.  
 
6.1 Descriptive analysis: Absolute size and ratios 
The results from the univariate analyses refine our understanding of sexual dimorphism 
in the adult and aging human brain. Results indicate that, generally, male brain regions are 
absolutely larger than females regardless of age, and when shape is accounted for through the use 
of ratios, several regions do not fit the predicted pattern of isometry. These regions include the 
caudate nucleus, hippocampus, and thalamus.  When expressed relative to whole brain volume, 
these sub-cortical structures are larger in females than in males. Notably, in contrast to the 
majority of studies on sex differences in sub-cortical structures, the data set used in this study is 
comprised of a large number of individuals, with younger and older adult sub-groups, allowing 
us to get a picture of sexual dimorphism in a heterogenous population from an ethnically diverse 
community.  
 
6.1.1 Sex differences in whole brain and sub-cortical structure volumes: summary of results 
Absolute brain volume and sub-cortical structure volumes in males exceed those of 
females. All of the structures included in this analysis were larger in males, with numerous 
structures achieving significance. Total brain volume was significantly larger in males for pooled, 
younger and older age cohorts. Sub-cortical structures that were significantly different include 
the amygdala (pooled, older), caudate nucleus, (pooled, older) putamen (pooled, older, younger), 
and thalamus (pooled, younger, older). Regions that did not demonstrate significant differences 
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between the sexes were the amygdala (younger), caudate nucleus (younger), hippocampus 
(pooled, younger, older), nucleus accumbens (pooled, younger, older), and pallidum (marginally 
pooled, younger, older).   
 
6.1.2 Sex differences in ratios of sub-cortical structure relative to whole brain volume: summary 
of results 
In support of the null hypothesis that males and females have the same shape with 
regards to sub-cortical structures, ratios that were not significantly different between the sexes 
include the nucleus accumbens (pooled, younger, older) the amygdala (pooled, younger, older), 
the pallidium (pooled, younger, older), and the putamen (pooled, younger, older), thalamus 
(younger, older). 
In contrast, ratios of the caudate nucleus (pooled, younger, borderline older), 
hippocampus (pooled, younger, older), and the thalamus (pooled with borderline significance) 
are all significantly different between males and females, with females showing significantly 
larger mean values. The sex differences in these ratios support the hypothesis that shape 
differences in males and females are correlated with overall size differences, but do not support 
the hypothesis that males and females are isometric versions of one another.  So, although the 
sub-cortical structures are largely isometric relative to total brain volume, there are deviations 
from this general pattern suggesting a mixed pattern of allometry and isometry in the subcortex.  
 
6.1.3 Whole brain volume 
The results of the present study suggest that there is overall similarity in the brains of 
males and females, with the most significant finding that males are larger in total brain size and 
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sub-cortical brain structures. In this study, male total brain volume was 11% larger than females 
in the pooled data set, which is congruent with findings in the literature indicating brain volume 
in males are ~9-11% larger than female brains with no size adjustment. 
For example, in numerous studies absolute brain size was found to be consistently larger 
in male than female brains in post-mortem data (Wittelson et al., 2006; Ankney, 1992; Ho et al., 
1980; Dekaban, 1977; Pakkenberg and Voigt, 1964), in vivo imaging studies of adults (Allen et 
al., 2002; Goldstein et al., 2001; Corchesne et al., 2000; Peters et al., 1998; Andreason et al, 
1993), and children (DeBellis et al., 2001; Geidd et al., 1997). In adults, these differences were 
not accounted for by differences in body size (height or weight) (O’Brien et al., 2006; Witelson 
et al., 2006; Peters et al., 1998; Ankney, 1992; Ho et al., 1980), meaning that when some 
measure of body size was accounted for either through the use of ratios or regression, males still 
have absolutely larger brains than females. 
The results of the present study indicate whole brain volumes indicate the younger data 
set corresponds closely with the age range of Courchesne et al. (2000) (ages 19 months to 80 
years). Younger males average 1,440.35 cc (s.d.=140.84) and younger females average 1,300.58 
cc (s.d.=110.28). The brain volumes for the older cohort in the present study are 1,472.9 cc 
(s.d.=108.79) for males, and 1,328.49 cc (s.d.=113.23) for older females.  
The results here for total brain volume are slightly higher than those reported by a few 
MRI studies (Allen et al., 2002; Peters et al., 1998, primary sample). For example, Allen et al.’s 
(2002) study whose brain volumes (minus the lateral ventricles) were 1,273.66 cm3. and 1,131.1 
cm3.for males and females respectively, values that are nearly identical to those of Peters et al. 
(1998) primary sample that were 1,243 cm3. for men and 1,130 cm3. for women. The results in 
the present study when lateral ventricle volume is removed are 1,427.06 cc for males (total 
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volume minus lateral ventricle volume—1,463.7 cm3.-36.64 cm3), and 1,290.50 cm3.for females 
(total volume minus lateral ventricle volume—1,322.6 cm3 - 32.11 cm3). The differences in 
volumes are likely due to methodological differences such as the exclusion of meninges, CSF, 
along with other non-brain tissues in the Allen et al. (2002) study. 
The results here for whole brain volumes are similar to those found in a number of 
studies using autopsy data. The canonical textbook measure (Peters et al., 1998) for brain size is 
1,450 g for males, based on autopsy data. Pakkenberg and Voigt (1964) report of a Danish 
population had means of 1,440 g for males and 1,282 g for females.  
As total brain size is often used a biomarker for explaining cognitive and behavioral 
differences among taxa, it is tempting to look at brain size differences as physical evidence for 
distinguishing between the sexes (or age groups) in terms of their behavioral proclivities. A 
cautionary note in ascribing functional significance to brain size differences between groups 
needs to be made.  In humans, generally speaking, there is a weak correlation between brain size 
and body parameters, and stronger correlations between brain size and IQ (Bigler et al., 1995; 
Andreason, 1993; Peters et al., 1985). However, in intergroup comparisons, the results can be 
counterintuitive. For example, Boivin et al., (1996) found that Laotian children with a mean head 
circumference at the 36th percentile for the global mean performed better on cognitive tests such 
as the Kauffman Assessment Battery for Children (K-ABC) (that are sensitive to maternal 
education and quality of the home environment) than North American children who are (on 
average) at or above the global mean for head circumference. 
Environmental influences, age range, and homogeneity of sample with regards to 
common ancestry are all important in ascribing functional significance to differences in brain 
size. For example, Peters and colleagues (1998) indicated that in a comparison of black and 
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white samples in the American population changed markedly during the 1900s. Height for white 
males has varied very little overall whereas those in the black population changed markedly over 
the past century. A white sample had a height of 174 cm, (Bean, 1906 as cited in Peters et al., 
1998) to 175 cm.  Dramatic alternations in nutritional status of the black population in the U.S. 
during this time period probably influenced this change. 
Methodology and age structure of the sample can give different outcomes and therefore 
lead to different interpretations for a particular population. Using the Danish sample of 
Pakkenberg and Voigt, (1964) (also described in Peters et al., 1998), Passingham (1979) and 
Jerison (1979) came to different conclusions regarding the significance of the relationship 
between height and brain size in humans, with Jerison declaring that height is not an important 
factor in determining brain size once other factors have been ruled out. Passingham, in contrast, 
argued that there is a significant (albeit small) relationship between body height and brain size. 
This difference between their conclusions appears to be the result of different age cut-off points 
in the Danish sample. 
 
6.1.4 Sub-cortical structures  
In the present study, the relative size of the caudate nucleus determined by ratios was not 
significantly different between males and females in the younger cohort, but it was different in 
the pooled data set and in the older cohort. The female caudate nucleus/brain volume ratio is 
larger than males in the pooled data set, the younger cohort, and in the older cohort (with 
borderline significance). Younger females have a larger caudate ratio than older females, but 
younger males have a smaller ratio than older males. This result is somewhat consistent with the 
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findings of Goldstein et al. (2001) who, after controlling for total brain volume, found the 
caudate was significantly larger in females (mean age 39.8 years, males n=27, females n=21). 
Volumes for the putamen were larger in males than females in the pooled, older, and 
younger data sets. Ratios are not significantly different in the pooled, older, or younger cohorts. 
However, they are different between younger and older females and younger and older males, 
and in both instances are larger in the younger group. 
The results reported here for the striatal nuclei (caudate nucleus, putamen, and pallidum) 
support previous findings. For example, it has been demonstrated the striatal nuclei show age-
related decrease in the volume of the caudate nucleus and putamen as indicated in studies on 
human (Raz et al., 2003, 2000) as well as non-human primates (Matochik, 2000). In a study of 
53 healthy individuals (20-77 years), Raz et al. (2003) found that measurements of the caudate 
nucleus and putamen were negatively correlated with age. In contrast, the pallidum did not 
correlate negatively with age, similar to the findings here that the pallidum was not smaller. 
Although it is not possible to make a direct comparison here as their study was longitudinal and 
involved follow-up measurements at 5 years, the results here indicate that the caudate is smaller 
in older males and females related to their younger counterparts, with significant differences 
between groups.  
There are a few possibilities for a female bias for larger female size in the caudate 
nucleus. Adams et al. (2004) one of the few studies that investigated the abundance of receptors 
available to neurotransmitters with a large enough sample to look at sex differences.  The idea 
they were testing was that the number of receptors available can facilitate (or inhibit) specific 
brain functions. Adams and colleagues (2004) found no sex differences in serotonin binding, but 
there were sex differences in the number of serotonin binding sites. 
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Relations between dopamine transport function and cognition found that females and 
younger individuals (ages 18-45) had a larger number of dopamine availability in the caudate 
nucleus than males. These groups also performed better on tests involving verbal memory tasks 
(Mozley, et al., 2001). Older individuals versus younger individuals had a reduction in dopamine 
receptor availability in the caudate nucleus and the putamen (Mozley et al., 2001). Interestingly, 
dopamine transporter activity is also correlated with learning performance within groups 
(Halpern et al., 2007). 
 No significant difference in hippocampus (absolute size) (pooled, younger, older) were 
observed, whereas the hippocampus ratio significantly different in the pooled, younger, older 
cohorts, with females larger.  Younger female ratio and younger male ratios are larger than their 
older same-sex cohorts.  
The hippocampus is a relatively protean structure, and has been demonstrated to decrease 
in volume in aging individuals (Preusner et al., 2001). For example, Maguire et al. (2000) 
demonstrated that London taxi drivers had larger posterior hippocampi (and smaller anterior 
hippocampi) relative to a control group, a possible reflection of memory practice taxi drivers 
undergo navigating through London’s streets. In a study of twins (ages 68-78), heritability 
estimates were 0.4 (Sullivan et al., 2001). 
The hippocampus may be more sensitive to the effects of aging (Preusner et al., 2001; 
Jernigan et al., 2001) compared with other sub-cortical structures, where as individuals get older, 
their hippocampi get smaller. The hippocampus has been demonstrated to be one of the first 
regions obviously affected in Alzheimer’s disease, and Alzheimer’s is more commonly 
diagnosed in women than in men (Schmidt et al., 2008). Also, the hippocampus is one of the 
brain regions that demonstrate size reduction both in first-episode and chronic schizophrenia (Irle 
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et al., 2011). In a study of 46 schizophrenic patients (23 male, 23 female), Irle et al. (2011) found 
that only male patients with schizophrenia experienced hippocampal size reduction, and 
hippocampal size in females was related to the duration of the disorder in females only 
(hippocampus size was controlled for intracranial volume with an ANCOVA). In other words, 
females maintained a normal size of the hippocampus during the first few years after the onset of 
the disease compared with their male counterparts, but experienced a reduction similar to those 
found in males (10% reduction in size) as several years with the disease had passed. These 
results are interesting in light of the results presented here indicating the hippocampus has larger 
hippocampus-to-whole brain volume ratio in women than in men. It may be that size lability in a 
brain structure during one’s lifetime confers numerous benefits in complex environments, but 
perhaps also allows for a propensity for a region to be more susceptible to diseased states. 
However, these results do not explain a low correlation between the hippocampus and the 
majority of sub-cortical structures, although indications of this structures flexibility shows that 
numerous factors, environmental and otherwise, may play a role in determining hippocampal 
size.  
It has also been argued that perhaps estrogens serve a protective function in the female 
brain (at least in the first few years after the onset of schizophrenia), and may protect females 
against loss of hippocampal size. Females with schizophrenia have reduced estradiol levels, and 
the symptoms of schizophrenia abate with increased levels of estradiol (Irle, 2011; Riecher-
Rossler, et al., 1994). Male schizophrenics, on the other hand do not respond as well to treatment 
(Goldstein et al., 2002). It may be that females respond better to treatment because the larger 
initial size during the onset of the disease helps to act as a buffer leading to better treatment 
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response (Irle et al., 2011), or it may simply be that estrogens do in fact help to preserve 
hippocampal size in females schizophrenics more successfully than in male schizophrenics. 
The thalamus is significantly different in the younger and older age cohorts, and the 
thalamus ratio (pooled data) are all significantly different between males and females (females 
larger). This differs from a study of thalamus volume in 5 female and 5 male subjects, in which 
Tuohy et al. (2004) found no sex differences for side, sex or interaction. In a comparison to a 75 
year-old fixed-slice (post-mortem) study, marked atrophy was apparent on the right side. 
However, in a study of sex differences in brain development, Sowell et al. (2002) found that 
proportional measures of the thalamus (thalamus as proportion of total brain volume) also 
yielded results indicating female proportions were larger. Since the thalamus has intimate 
connections to the hippocampus, one might presume that scaling patterns for these regions might 
track one another closely. 
The present study indicates the caudate nucleus is larger in females than males (pooled 
sample). It also shows no differences between the sexes in both younger and older age categories 
when total brain volume is accounted for through an ANCOVA. These results are supported 
during development, robust gender effects have been observed for several measures (Giedd et al., 
1996). For example, the putamen and globus pallidus were larger in males, and remained 
significantly larger even after correcting for total cerebral volume. However, the caudate was 
larger in females after adjusting for total cerebral volume. Interestingly, the total (unadjusted 
with ANCOVA) volumes of the caudate, lateral ventricles, and thalamic area were not 
significantly different between the sexes, similar to results found in the present study. 
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6.1.5 Purported cognitive differences between the sexes 
One of the considerations research on brain volumetry asks is whether or not overall 
brain size differences can be parlayed into an explanation of cognitive or behavioral differences 
between individuals or the sexes based on overall size. The results generated here show that 
males are on average larger than females in absolute brain and structure size, yet equal (in ratio 
measures) for most regions with the exception of the caudate nucleus, hippocampus, and 
thalamus. In other words, males are generally larger in overall size, but isometric in size or 
smaller than females in brain proportions (ratios) for the structures measured here. 
It has been argued that men and women do not differ in mental abilities as measured by 
IQ, although men show more variance (Ankney, 1992; Jensen 1980). However, it has also been 
argued extensively that men and women do differ in specific cognitive abilities as observed by 
the results of many tests on various types of “intelligences”, whether they be verbal, visuospatial, 
or mathematical (see Halpert et al., 2007), some of which apparently give males an advantage in 
particular fields of science and mathematics. These sex differences (particularly in science and 
mathematics) have been argued to result in large part from socio-cultural, educational and 
environmental factors that fail to identify females with intrinsic aptitudes for mathematics. 
Cultural differences exist with Eastern European and Asian countries produce more females with 
profound mathematical and problem-solving abilities than the US and Western Europe 
(Andreescu et al., 2008), lending credence to the argument that social and environmental factors 
play a large role in developing aptitudes. 
For example, in humans, Schlaepfer et al. (1995) demonstrated that structural-functional 
links in cognitive tasks differed between the sexes with women having larger areas of the 
cerebral cortex involved in verbal and memory tasks in which women tend to perform better, and 
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no sex differences in areas associated with spatial and numeric tasks where men tend to perform 
better (Collins and Kimura, 1997; Delgado and Prieto, 1996; Holden, 1991; Gladue et al., 1990; 
Maccoby and Jacklin, 1974). Spatial reasoning tasks, and specifically, the mental rotation task, is 
the only task where men seem to consistently and significantly perform better than females 
(Voyer et al., 1995). The difference between male and females becomes minimal when the test is 
computer administered and both females and males have had time to become familiar with the 
computer setting (Roberts and Bell, 2000). The controversy here, of course, is the argument of 
‘nature-versus-nurture’, to what degree are these abilities fostered by cultural biases towards 
male-typical and female-typical roles, and to what degree are these differences genetically 
determined. In other words, are these observed cognitive differences the result of an inherently 
male-typical or inherently female-typical brain.   
 
6.2 Bivariate allometry of sub-cortical structures 
In the present analysis, the findings suggest that male and female brains are different 
variants of the same form once we account for some measure of ‘size’ (either overall brain size 
or the geometric mean). Biological explanations that have developed from size and shape 
variation support two competing ideas: that when size change occurs in a population either 
through selection or genetic drift, often a change in shape, or allometry, is required in order for 
the larger (or smaller) organism to behave similarly (Pilbeam and Gould, 1974). Alternatively a 
change in shape may reflect an adaptation to changing environmental conditions and a 
behavioral change accompanies the morphological shape change (Leigh et al., 2003; Biknevicius 
and Leigh, 1996; Pilbeam and Gould, 1974).  This implies that allometry can act as both a 
constraint on evolutionary change (Egset et al., 2012; Bonduriansky, 2007; Cheverud, 1982; 
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Lande, 1979; Huxley, 1932) and also as a pattern of evolutionary change allowing for novel 
features in organisms (Schmidt-Nielson, 1984) enabling the exploitation of a previously 
unexploited or underexploited niche. 
 RMA regression results show significant positive allometry exhibited by a majority of 
the sub-cortical structures relative to total brain volume indicates that larger and smaller brains 
are differently shaped. OLS regression results give scaling results that are isometric or with some 
negative allometry. These results are more in line with expectations of how sub-cortical 
structures might scale with overall brain volume. Thirdly, ANCOVA results indicate there are no 
sex differences in both the younger and older cohort for all of the sub-cortical structures 
measured, with one clear exception (the amygdala) and only in relation to the geometric mean.  
Therefore, observed shape differences are accomplished in the context of a size difference 
between individuals. 
The results of this study are broadly congruent with findings of previous studies that 
controlled for some measure of brain size (intracranial volume, cerebral volume, or total brain 
volume), while findings of other studies are contradictory. The RMA results from scaling of sub-
cortical structure to total brain volume are novel, and therefore will be discussed in that light. 
The OLS regression results appear to be the more viable alternative in modelling the biological 
system that is being decribed here in this study. 
I would also like to point out that comparisons among studies can be problematic and 
therefore can lead to contradictory findings for several reasons. Some of the differences among 
studies may be explained at least in part by differences in sample size, chosen measure of overall 
volume (i.e. intracranial volume versus cerebral volume), differences in the age range of the 
sample population (Sowell et al., 2007; Raz et al., 2003), and differences in volumetric 
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measurement technique (e.g., post-mortem analysis versus MRI, VBM versus manual tracing, 
etc.) (Witte et al., 2010), all of which serve to make comparisons between studies challenging 
(Allen et al., 2005).  
Another potential problem in studies of brain volumes, particularly those that focus on 
pathologies and normative volumes (Ionnandis, 2011), and sex differences in brain volumes 
(Patsopoulos, et al., 2007) is the apparent bias in the literature favoring studies which find 
differences in pathology versus normal brains and those that find sex differences. Ionnandis 
(2011) and colleagues (Pasopoulos et al., 2007) found that there is an excess significance bias in 
the literature, perhaps due to the over-reporting of selective outcomes and selective analyses 
being published as plausible explanations. 
 
6.2.1 Scaling of sub-cortical structures   
This study generates the unexpected result from the RMA regressions that the majority of 
sub-cortical structures scale with positive allometry relative to total brain volume. One possible 
interpretation is that a change in shape in structures within the sub-cortices is required to 
accomplish the same set of neural functions in larger and smaller individuals. A second 
interpretation is that the change in shape may also bring with it a different way of accomplishing 
similar tasks, or alternative, albeit quite subtle, behavioral or cognitive strategies in differently 
sized individuals.   
The OLS regression results offer an alternative solution in the problems of interpreting 
the RMA regression results, particularly in light of the difficulty in giving clear biological 
explanations for the significant (and highly) positive allometric slopes for numerous sub-cortical 
structures relative to total brain volume. The slopes from the OSL regression indicate that the 
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majority of regions measured are either isometric or negatively allometric relative to total brain 
volume— results that fit better with expectation.  
To illustrate this point, one can look to the research on gray and white matter proportions 
in the brain. For example, as sub-cortical structures are overwhelmingly comprised of gray 
matter (neural cell bodies and glia), one might expect these regions to scale with isometry or 
negative allometry relative to total brain volume. Zhang and Sejnowski (2000) demonstrated that 
white matter (WM) volume increases more quickly than gray matter (GM) volume as brain size 
increases among individuals or species in a manner that follows a 4/3 scaling law. Numerous 
researchers have found that in humans males have more white matter than females (Gur et al., 
1999; Filipek et al., 1994), while others have found that the GM/WM ratio is larger in females 
(Allen et al., 2003; Gur et al., 2002), suggesting that a clear sex difference exists in how gray and 
white matter is distributed throughout the brain. However, Leonard et al. (2008) and Im et al. 
(2008) described sex differences in the GM/WM ratio as minimal once overall brain size is 
accounted for by controlling for total cerebral volume through the use of an ANCOVA (Leonard 
et al., 2008). In other words, with brains of equal size, male and females have equivalent 
GM/WM ratios. Leonard et al., (2008) also describe the slopes of males and females in gray and 
white matter to be quite similar between the sexes. So, regardless of sex, the larger brained 
individual has more white matter relative to gray matter. In sub-cortical structures that are 
primary comprised of gray matter, then the expectation would be that relative to overall brain 
volume, these structures should scale isometrically or with negative allometry. 
The results of Leonard et al. (2008) and Im et al. (2008) along with the results here stress 
the importance of looking at the ratios and regressions in investigations of patterns of scaling, 
263$$
$
and that sometimes scaling patterns that appear different from one another at first glance are 
actually part of a scaling pattern that lies along a shared continuum. 
However, simply choosing OLS because it gives a “better explanation” for the expected 
patterns is not adequate for choosing OLS over RMA. In fact, one can argue for the use of either 
method on theoretical grounds. Smith (2009) has comprehensively described circumstances in 
which one method is preferred over the other. Researchers are quite divided on this issue with 
some arguing for the use of RMA over OLS (Fosrtmeier, 2011), while others (e.g., Egset et al., 
2012; Bartozek and Hanson, 2012) have argued strongly for the use of OLS over RMA, setting 
OLS as the ‘default’ method, with RMA perhaps only useful in a very specific set of 
circumstances. A description of criteria qualifying the use of the these two regression methods 
are listed in Table 6.1, with the relevance of each of the criteria for the data used in this study as 
well.  
In summary, it appears that the data here fulfill several of the criteria for both RMA and 
for OLS. Included in this are that the slope of the regression line is used here to predict patterns 
of allometry and the error in Y does not exceed the error in X more than three-fold  (which holds 
for all but one in 28 separate regressions). Smith (2009), however, argues that the primary 
determinant of whether to use OLS or RMA lies in determining if the data is symmetric or 
asymmetric, a problem that Smith (2009) believes is more important than the issue of the degree 
to which there is error in X. The slopes from and OLS regression can vary widely depending on 
which variable is placed on the Y-axis and which placed on the X-axis (one can imagine how a 
low correlation coefficient would pull the slope towards one of the axes). The RMA regression 
line, on the other hand, has the same interpretation regardless of which variable is placed on the 
Y and which placed on the X-axis. It also lies midway between the two OLS slopes (if a figure 
264$$
$
depicting the two possible slopes are superimposed). Therefore, the RMA regression is 
considered symmetric and the OLS regression asymmetric. 
The question of symmetry in the present study lies in determining whether brain size in 
some way determines or restricts the size of sub-cortical structures, or if the relationship between 
total brain size and sub-cortical structure size is symmetric. As selection acts on behaviors and 
suites of traits, it is difficult to state with certainty that selection on whole brain volume is the 
prime mover in determining sub-cortical structure size, which would result in an asymmetric 
relationship between the X and the Y variables. However, whole brain volume and sub-cortical 
structure volume are not symmetric in the same manner that body length and body mass are 
(Smith, 2009), or the relationship between second and fourth digit lengths in males and females 
(Forstmeier, 2011).  
Secondly, in this study, the correlation between specific sub-cortical structures and whole 
brain volume ranges from low to moderately high. In cases where the correlation coefficient 
approaches zero, the RMA regression becomes meaningless and may result in misinterpretation 
(Smith, 2009).  
Therefore, as the characteristics of this data set appear to favor asymmetry over 
symmetry and the correlation between specific sub-cortical structures and whole brain volume 
ranges from low to moderately high, the OLS results are likely the better of the two methods in 
describing the relationship between sub-cortical structure size and whole brain volume for this 
study.  
 
6.2.2 Sex differences among sub-cortical structures 
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The findings of the present study indicate that there are no sex differences in slope or 
elevation for either the younger or the older cohort for any of the seven regions measured (with 
borderline case of the pallidum in the older sample, and the hippocampus in younger individuals). 
Congruent with the findings here, a recent study by Ostby (2009) found no effects of age or sex 
in the nucleus accumbens, amygdala, caudate nucleus, hippocampus, pallidum, putamen, and 
thalamus. However, as the Ostby (2009) study was mainly interested in the effects of aging in the 
age range from 8 to 30 years, their investigation didn’t look further into sex effects, therefore 
limiting the possibility of finding any sex differences. Brabec et al. (2010) in a postmortem 
analysis found no sex differences in the size of the amygdala. Although they used a manual 
tracing technique with a keen interest in defining the boundaries of the amygdala and had a much 
smaller sample size (males n=21, mean age 56.8 years; females n=9, mean age 61.2 years), their 
results are consistent with the findings here.  
Other studies have found results that differ from those in the present study, although not 
necessarily incompatible. For example, the amygdala has been argued to be larger in males 
(Wilke et al., 2007; Suzuki et al., 2005; Ostby, 2005; Goldstein et al., 2001), and the caudate 
nucleus and hippocampus larger in females (Wilke et al., 2007; Suzuki et al., 2005; Goldstein et 
al., 2001; Filipek et al., 1994). Goldstein et al. (2001) in a study of 27 males and 21 females 
tested sex differences in terms of proportional volumes relative to the size of the cerebrum. 
Effect size (adjusted mean female brain volume minus adjusted male mean brain volume divided 
by pooled standard deviation of mean male and female volumes) was calculated for each region 
of interest. Their results indicated that several regions including the amygdala had larger effect 
size in males, and the caudate nucleus and hippocampus were both larger in females. Their study 
also indicates that the regions with the largest effect sizes (in favor of female or of male relative 
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enlargement) were in regions that, in the animal literature, also have high concentrations of 
androgen and estrogen receptors. However, a major discrepancy in their findings is that their 
reported adjusted volumes (Table 2 in text) for the amygdala are no different between males and 
females, calling into question the validity of their effect size results. 
Assuming this is simply a data transcription error on the part of the authors, and the 
amygdala is larger in males compared with females adjusting for differences in total cerebral 
volume, their results imply that dimorphic regions in the brain are likely due to dimorphism that 
has occurred during development, and particularly with regard to increases in gonadal hormones. 
It has also been demonstrated that adolescent males and females express differences in the rates 
and timing of certain aspects of neural development (Lenroot and Giedd, 2007; Lenroot and 
Giedd, 2006; Giedd et al., 1996), a secondary period of neural development in the human 
lifespan that also experiences an increase in gonadal hormones furthering sexual differentiation 
in males and females in order to prepare the sexes for potential future reproduction. In light of 
their findings, Witte et al (2011) recently demonstrated that sex hormones such as estradiol, 
progesterone, and testosterone exert organizing effects in the brain in young adults, indicating 
that steroid hormones have organizing effects in the brain that may continue beyond puberty.  
Sex differences in behavior between males and females have been demonstrated to exist 
particularly in areas associated with responses to social and emotional stimuli, notably the 
amygdala (Bickart et al., 2011; Hamann, 2005; Adolfs, 2003). The results from such studies have 
been used to support results from volumetric analyses, and those that have argued for a hormonal 
basis driving regional brain size differences (Lenroot and Giedd, 2007; Goldstein et al., 2001; 
Hamann, 2005). Therefore, it is interesting that in the present study the amygdala is the only 
structure that is significantly different in slope between males and females, and only in relation 
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to the geometric mean, not total brain volume. Why this is the case is unclear. It is possible that 
this structure achieves differences in function by scaling with positive allometry in females, and 
isometry in males. However, the results of the ANCOVA indicate there is no significant 
difference between the sexes relative to total brain volume. Importantly, the alpha value utilized 
here is more stringent than the 0.05 alpha value used by Goldstein et al. (2001) and Ostby (2005), 
and this may partially account for differences in reported sexual dimorphisms between studies. 
It is important to consider that perhaps sex differences have been over-emphasized in the 
literature. This is a difficult problem to address as the majority of studies on regional brain 
volumes suffer from relatively low sample sizes. As an example, Ionnandis (2011), and 
Patsopoulos et al. (2007) undertook meta-analytical studies to investigate just such a problem in 
the literature on the prevalence of sex differences with regards to genetic traits and propensity for 
diseases as well as the over-reporting of brain abnormalities in the literature. Their studies 
highlight the possibility that this same problem is at play in studies of normal brain dimorphisms. 
Performing meta-analyses on sex differences of regional brain size would be interesting to 
consider, and perhaps clarify some the inconsistencies between studies present in the current 
literature. 
 
6.2.3 Effects of aging in sub-cortical structures 
 The main results here for aging considerations are that the correlations among regions 
tended to be lower in the older female and older male cohort. However, as the sample sizes for 
these older age groups were much larger than in the younger males females, the significance 
among regions was higher relative the correlation coefficient in the older group (especially for 
females).  
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In contrast, other studies have found moderate negative correlations (shrinkage) in 
particular sub-cortical structures including the hippocampus, and the amygdala, with weak age 
related differences in the globus pallidus (r= -0.20), and the thalamus, which has been argued to 
be weak to moderate (r= -0.28) (Walhovd et al., 2005; Raz et al., 2004). 
Raz et al. (2003) in a longitudinal study of the effects of aging on volumes of the caudate, 
putamen, and pallidum (globus pallidus) found age related shrinkage in the caudate and putamen, 
but not the pallidum, with no effect of sex on intracranial volume (ICV) adjusted volumes. They 
also assumed a common slope between males and females, as there were no significant 
differences in slope between the sexes. One of the benefits of their study was to look at 
individuals over a 5-year span, and they were able to detect differences that may be 
underestimated in the majority of studies that are cross-sectional (such as the present one) (Raz 
et al., 2003). 
Interestingly, the loss the volume in the striatal nuclei (with the most significant loss in 
the caudate nucleus) does not appear to be limited to older adults, and loss has been measured to 
occur in both younger and older adults, with shrinkage occurring at approximately the same rate 
in younger and older adults. It has been postulated that the rate of decline is associated with a 
decline in dopaminergic activity (DA) in the striatum, as results from these two areas of research 
converge (see Raz and Rodriguez, 2007 for review; see also Erixon-Lindroth et al., 2005; 
Backman and Fard, 2004). 
 
6.2.4 Adaptive versus non-adaptive explanations for sex differences in size and scaling 
Structural sex differences have been described by a large number of studies (see Witte et 
al., 2010), and have led to two major perspectives on sex differences in human behavior that can 
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sometimes be linked to whole brain and brain structure volume. These two perspectives argue 
that the majority of sex differences are a product of: 1) ‘functional diversities’ between males 
and females mainly due to adaptation, and 2) compensation mechanisms that act on reducing the 
effects of different hormonal profiles between the sexes (reviewed in Cosgrove et al., 2007, and 
see DeVries, 2004, and DeVries and Boyle, 1998).  
Theoretically, the ‘functional diversities’ perspective stems from the concept that inter-
specific and inter-individual proportional differences in brain regions are indicative of relative 
use (or disuse) of a particular brain region and their ascribed functions (Striedter, 2005; Maguire, 
2000; also see Jerison, 1973, for principle of proper mass). The logic behind this argument states 
that structural sex differences in the brain are linked to and result in sex differences in cognition 
and behavior, and sex differences in brain functioning are adaptive consequences of selection 
differentially acting on males and females. This idea is supported by differences between the 
sexes that have been detected in measures of brain structure volumes (Cosgrove et al., 2007), 
brain microstructure (Menzler et al., 2011), and in how male and females process data (Hamann, 
2005), researchers often come to the conclusion that regional brain volumes are potential 
markers for cognitive and behavioral differences between the sexes. 
The second perspective—compensation mechanisms (also called ‘congruence’) — argues 
that perhaps many of the observed sex differences in regional brain volumes may be non-
adaptive consequences of selection acting on particular aspects of sexual development such as 
the formation of testes in males and the developmental cascades that result (DeVries, 2004 and 
DeVries and Boyle, 1998), or non-adaptive consequences of sex-specific developmental 
programmes (Duncan et al., 2006) such as high mutation rates in the Y-chromosome in males 
(Graves et al., 2006). 
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Differences in behavior and brain structure between the sexes have been attributed to 
differences in hormonal profiles between the sexes. For example, sex steroids have been 
demonstrated to have a structural and organizing effect on the brain during embryologic 
development (Finegan et al., 1989), adolescence (Neufang et al., 2009; Peper et al., 2009) and 
young adulthood (Witte et al., 2010; Pletzer et al., 2010). For example, Neufang et al. (2009) 
found that levels of circulating testosterone during puberty in boys may contribute to emerging 
sex differences in the amygdala and hippocampal regions during adolescence (Witte, et al., 2010). 
Peper et al., (2009) found that increases in gray matter were associated with high levels of 17 B-
estradiol in pubertal girls. In agreement with these previous studies, Witte et al., (2010) found 
that circulating sex hormones to be associated with gray matter volume in regionally specific 
sexually dimorphic areas such as the left inferior frontal gyrus and the right temporal pole. In 
adult females, Pletzer et al., (2010) found that hormonal fluctuations such as those caused by the 
human menstrual cycle can lead to subtle but significant changes in structural volume.  However, 
the results of Pletzer et al. (2010) do not help explain the positive allometries observed in this 
study. Again, it may be that OLS regression is, in spite of its weaknesses, a better method for 
modeling brain allometries. The results of Pletzer et al. (2010) do, however, support the 
observation that flexibility in neuroanatomical structures exist due to a range of internal and 
external environmental conditions.  
It is argued that sex chromosomes directly affect brain development (Arnold et al., 2004; 
DeVries et al., 2002). Males, with their heteromorphic sex chromosomes get only one copy of 
the Y chromosome. The Y chromosome is particularly vulnerable to a high mutation rate (4.8 
times normal autosomal cells) (Graves et al., 2006). The sex-determining portion of the Y 
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chromosome that includes the SRY gene coding for testes development, is part of the non-
recombination portion of the Y chromosome, and makes up 95% of the Y chromosome.  
DeVries (2004) has recently argued that many of the neural differences between the sexes 
do not in fact lead to overt differences in brain function. Cases in which the neurochemical and 
hormonal bases for social behaviors are different between the sexes in prairies voles might lead 
one to infer that the resulting behaviors are quite different between the sexes. However, in 
numerous cases the behaviors resulting from these neurological underpinnings are quite similar 
(see DeVries, 2004, review). Alternatively, obvious sex-specific behaviors in males have been 
demonstrated to remain even when the nuclei purportedly governing these behaviors has been 
severed (rats). Humans fit this pattern as well. For example, functional imaging studies have 
demonstrated that when males and females process information, they sometimes use different 
brain regions even if the outcome (actual behavior) does not differ between the sexes 
(Derbyshire et al., 2002; Jaeger et al., 1998).  For example, in a study by Jaeger and colleagues 
(Jaeger et al., 1998) study participants were given language comprehension tasks involving past 
tense generation. During these tasks, cerebral blood flow (CBF) as measured through Positron 
Emission Tomography (PET) scans indicated that males and females were using different 
regions of the brain. This result suggests differences in reading comprehension strategies 
between the sexes. However, the outcome (comprehension) didn’t differ significantly between 
the males and females. All these studies indicate is that sex differences in how different brain 
regions are co-opted for specific tasks may result in similar outcomes– a very interesting finding 
when considering what are the differences in cognition between males and females and how can 
we best measure these differences. 
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Questions relevant to helping address cognitive differences between the sexes quickly 
harken back to measureable features of brain architecture, such as brain volume, or to genetics, 
such as chromosomal differences between males and females. To illustrate this latter point, one 
can look at evidence for X and Y chromosomal effects on brain structure, function, and 
development. Experiments on zebra finches and rats suggest that XX and XY brain cells may 
have different phenotypes as results of differences in their genetic structure (for review see 
Arnold et al., 2004). Important questions stem from this research as to if and to what degree 
these differences have on an individuals’ neurological and behavioral phenotype, and are these 
differences adaptive or a by-product of the presence of heteromorphic sex chromosomes (Arnold 
et al., 2004). Volumetric differences and their behavioral counterparts can be considered 
adaptive if they contribute to important differences that lead to an increase in sex-specific fitness, 
and a by-product if evolution has favored mechanisms to decrease differences between XX and 
XY (DeVries, 2004). These patterns may differ between species, and it may be that species with 
higher degree of sexual dimorphism and polygamy may indicate a more adaptive pattern in XX 
and XY, whereas those species in which males and females are monomorphic in size, share 
similar roles in paternal care, and perhaps have a monogamous mating strategy might show 
patterns in XX and XY that are more in line with the by-product theory.  
It would be interesting to see in the case of humans and non-human primates to 
distinguish between hormonal mechanisms of sexual differentiation compared with differences 
that may be directly related to differences in XX an XY cells in neurological systems. 
 
6.3 Multivariate analysis of sub-cortical structures using principal components analysis  
The results of the multivariate analysis support the hypothesis that size is a main factor 
explaining the observed variation in sub-cortical structures in humans. The first principal 
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component loadings in the combined data all load relatively equally with one another; therefore, 
the first principal component can be interpreted as describing overall size (Jolicoeur and 
Mosimann, 1960). However, the results also indicate that although size is important in describing 
the variation in sub-cortical structures within a multivariate framework, there are also other 
factors contributing a large amount of variation as well. For example, PC2 and PC3 together 
contribute 22% of the variation, meaning the contributions of these two components are quite 
important, and an exploration of factors other than size are necessary for understanding patterns 
of variation of sub-cortical structures in the human brain. 
The findings here also suggest that size is associated with the overall pattern of variation 
that we see in the male and female sub-cortices. There are small but significant differences 
among groups, but there is also a high degree of overlap among each of the age and sex 
categories. For example, the ANOVA for the first principal component shows that younger 
males were significantly different than all of the other age and sex categories (younger females, 
older males, and older females). Older males and older females are also significantly different 
from one another. Younger females are not significantly different from either of the two older 
groups. In fact, an inspection of the figures depicting PC1 over total brain volume shows a 
correlation between size (as measured by total volume) and the first principal component, with 
younger males positioned in the upper right hand corner of the graph, older males set lower and 
slightly to the left of the younger males and the data points overlapping to a large extent with 
younger females. Although the size-associated differences among groups for PC1 are subtle, they 
do exist. Yet is difficult to argue that these subtle size differences are linked to functional 
differences among groups. It is likely that sample size is affecting the differences (and lack 
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thereof) between younger males, younger females, older males and older females, which may 
have a large effect on the results seen here.  
However, it is worth considering the results from the correlation matrixes as they may 
offer something of an explanation to the observed patterns we see. For example, younger males 
have moderate to strong correlations among regions, whereas correlations in the older males 
range from strong correlations between the thalamus and most other regions to weak or non-
existent correlations, particularly between the amygdala and other regions. Older females have 
weak to moderate correlations among regions, and younger females have moderate to strong 
correlations among regions. The differences in PCAs for males relative to females indicate it 
may be the older male cohort that is driving the differences observed between the male and 
female PCAs. Although lower correlations are more apparent for older males, older females also 
have slightly lower correlations than their younger female counterparts. These differences 
between ages in correlation structure may be due to functional differences between younger and 
older individuals. 
It has been demonstrated that as humans age, a concomitant decrease in functionality and 
regional brain volumes occurs. However, the pace of aging occurs differentially among 
individuals and brain regions, and there is a range of variation between studies that sometimes 
makes comparisons challenging (see Raz and Rodriguez, 2006, for further discussion).  As 
described above, the correlation of regions are generally lower in the older cohort, despite also 
having low p-values, but they do differ among regions. These results suggest that aging may 
affect regions differently as observed through the correlation structure of the sample. If patterns 
of aging (decline in regional brain volume) are indeed different depending on region considered, 
than a decrease in correlations among regions are expected.  
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Importantly, however, the differences in correlation structure among groups in the 
present study are more likely driven by a sample size effect than indicating a true biological 
phenomenon. Correlations are upwardly biased with smaller sample sizes (and the younger male 
and female cohorts have relatively small sample sizes of n=18 and n=23, respectively). The 
results of the present study calls for caution in how the effects of aging are interpreted, as sample 
size plays a key role in determining the results of any study (Graboswki, in progress; Roseman, 
in progress). 
Divergent loadings on the second principal component perhaps reflect patterns of relative 
growth and changing proportions during growth (Biknevicius and Leigh, 1996; Shea, 1985; 
Wood, 1978), or to static interspecific allometry (Shea, 1985; Cheverud, 1982). They may also 
reflect non-allometric contributions to the variation in the data. For example, they may reflect 
evolutionary, developmental, and functional relationships among regions. 
It is perhaps useful at this point to explore the idea that PCA for morphometric analyses 
of size and shape are best applied to linear measurements of body regions.  In volumetric studies 
of the brain, PCA can describe the observed variation, but how the variation is partitioned out 
and what that means biologically may not necessarily fit best with a purely allometric type of 
analysis. In other words, although size is likely the largest contributor to the observed variation 
in the data as a whole, developmental or functional attributes that may be related to some aspect 
of size may be contributing to the neuroanatomical system measured here. However, in the 
context of volumetric measures, “shape” (although considered to be a dimensionless variable in 
an allometric context) becomes much more difficult to visualize and therefore perhaps not as 
useful in describing the variation in volumetric measures. This is because describing “shape” 
using a volumetric measure may be an elusive construct. For example, in PC2, the loadings of 
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the amygdala in contrast with the nucleus accumbens do not necessarily mean they constitute a 
different physical geometric form, but in fact may be reflective of functional and developmental 
axes. Following this line of argument, a couple of predictions and their outcomes based on 
embryological and functional similarities are described below. 
Surprisingly, loadings for the second and subsequent principal components do not follow 
the initial expectations based on the structural and functional characteristics of the sub-cortices. 
However, a closer inspection of the eigenvector loadings of regions measured reveals potential 
interesting relationships among the sub-cortices. For example, the caudate nucleus and putamen 
are structures within the striatum that share common phylogenetic and embryological origins 
(Redgrave et al., 1999), and are more closely related to one anther structurally and functionally 
than with other regions within the basal ganglia or sub-cortex, yet they do not load together in 
the eigenvector loadings. 
Secondly, the amygdala and the hippocampus, which are closely associated limbic 
structures and are important for learning and memory (Phelps, 2004) are expected to load 
together due to physical proximity and shared function. In fact, they are part of two independent 
memory systems that interact in subtle ways (Phelps, 2004). However, the results of the present 
analysis do not highlight a relationship between these two regions observed through paired 
eigenvector loadings on any of the principal components that contribute to describing a large 
portion of the variation. However, a closer inspection of the relationship between the 
hippocampus and nucleus accumbens (which do load together) actually reveals a close functional 
relationship between the hippocampus and the nucleus accumbens, supporting the initial 
expectation that regions with shared function and development will load together. 
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The PCA run on males and females separately indicate that the most striking difference 
between the sexes is that the amygdala has a lower loading in the first principal component for 
males. Secondly, PC2 for males indicates that variation in the amygdala predominantly describes 
the second principal component. This is in sharp contrast with the PCA for females, which 
mirrors the PCA for the combined cohort. In the PCA for females and in the combined cohort the 
hippocampus and the amygdala load together. These loadings are in contrast with loadings for 
the nucleus accumbens and the hippocampus. The latter two regions also load together in the all-
male PCA; however, the eigenvector loadings for the hippocampus and the nucleus accumbens 
are also influenced by the high amygdala loading for PC2. As described in Chapter 2, the 
hippocampus has extensive projections to the nucleus accumbens (Goto and O’Donnell, 2001; 
Kelley and Domeshick, 1982), and electrical activity of these two regions has demonstrated 
synchrony supporting the idea that the hippocampus is also involved in motor planning within 
the basal ganglia circuitry (Goto and O’Donnell, 2001). In rats, for example, the nucleus 
accumbens has been demonstrated to be involved in a complex circuit involving the prefrontal 
cortex, associated basal ganglia structures and along with the hippocampus, helping mediate 
goal-directed behaviors (Gruber et al., 2009). 
Differences among groups for the PC2 reveal an interesting pattern as younger and older 
males are significantly different from one another. Younger females are significantly different 
from older males and older females, differing from the results in PC1. Why these groups differ in 
the second principal component is difficult to interpret as a clear biological explanation is not 
clearly apparent.  
Although relative size differences are often interpreted as indicating functional 
differences, changes in neurochemistry, circuitry, and physiological functions may affect 
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function without changing relative size (Armstrong, 1985). Intraspecific static allometry 
involving only adult members of a species cannot detect the process leading to the adult pattern 
(Shea, 2002; Leigh et al., 2003). The allometric approach detects only a pattern of relative shape 
difference and cannot show how the outcome of the brain’s activities have changed. For example, 
circulating hormones during development may play a key role in determining size dimorphisms 
in the human brain (Lenroot and Geidd, 2007; Goldstein et al., 2001).   
Research involving any of these variables on brain function and brain development 
during ontogeny would complement the current study. Research has demonstrated (Lenroot and 
Geidd, 2007) that the rate in development of different brain regions varies between males and 
females, and this rate may also be affected by increases in gonadal hormones during puberty 
(Hamann, 2005).  
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Table 6.1: Diagnostic criteria used to determine the use of OLS or RMA regression in studies of bivariate 
allometry with application to human brain regions relative to total brain size. 
Ordinary Least Squares (OLS) Regression Sub-cortical structures as Y variables and 
total brain volume as X variable 
X determines or causes Y No. Selection operates on behaviors affecting the 
size the regions that govern these behaviors. 
Also, genes affect development of the entire brain 
as well as specific structures meaning 
development of the whole brain is also affected 
by the development of specific structures. 
X restricts or determines Y (non-causal) Perhaps—whole brain volume is the “size” 
variable and therefore belongs on the X-axis. 
However, see above as variable on X does not 
determine Y. 
X used to predict values of Y No 
Purpose of regression to understand range of values 
Y takes at a given X 
No 
Change in Y response to selection on X by 
correlated evolution (Lande, 1979) 
Perhaps—unanswerable with the present data set. 
Assumes X measured without error No 
Relationship between X and Y is asymmetric Likely 
Low r-values Yes—data here range from low to moderately 
high 
 
Reduced Major Axis (RMA) Regression  
Arbitrary as to which variable on Y and which on X No 
The objective in the regression is find biological law 
underlying the pattern between X and Y 
Perhaps—however, sample size here too small to 
determine such a “law”. 
Slope of the line used to determine change in shape 
with a concomitant change in size (i.e., isometry, 
allometry) 
Yes 
Assumes X measured with error Yes 
Relationship between X and Y is symmetric Uncertain 
Recommended when error in Y does not exceed 
error in X more than three-fold 
Yes 
Smith, 2009, 1984; Bonduriansky, 2007; Wharton, 2006; McArdle, 1988; Lande, 1985, 1979; Ricker, 
1984; Gould, 1975; Sprent, 1966.  
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Chapter 7. Implications for future research 
As the research presented here lends insight into sexual dimorphism in sub-cortical 
structures in the human brain, additional studies would certainly contribute to our understanding 
of the evolution and patterns of variation in human brain dimorphisms. In order to address 
several of the issues raised and perhaps left unanswered by this project, a description of possible 
future projects follow. 
First, to address problems of patterns of sexual dimorphism in brain scaling from an 
evolutionary perspective, it is imperative to use a cross-species analysis. Sexual dimorphism of 
brain size in humans has been argued to be largely due to body size differences between the 
sexes. If this is,in fact, the case, then the expectation would be that other species of primates with 
similar or higher degrees of dimorphism would also demonstrate comparable amounts of sexual 
dimorphism in brain size, and perhaps similar scaling patterns in sub-cortical regions. Recent 
research has demonstrated that this is apparently not the case (Bienvenu et al., 2011). Binevenu 
and colleagues have shown in a study of great ape endocasts that the most significantly 
dimorphic ape species with regards to absolute brain size is humans. Even gorillas (G. gorilla), 
whose body size dimorphism is significantly larger than humans, did not have significantly 
larger brains for males than females in their sample (n=16). This is an intriguing result as it 
points to questions of when and how brain size dimorphism evolved in our species, and if it is 
not apparent in our closest relatives, then perhaps it is cannot be explained largely as a product of 
body size differences. Relative brain size differences appear to be mostly size-related, with other 
studies giving moderate support for functional differences supporting size. Therefore, a question 
of interest is whether or not brain size differences in humans are a set of sexually selected traits, 
and how can we test for this? 
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To address some of these questions, an exploration of sub-cortical structures in several 
relates species of great apes (e.g., Pongo pygmaeus, Pan troglodytes, Gorilla gorilla) would 
allow one to address these evolutionary questions, such as species-specific patterns of variation 
as well as potential sex differences within and among closely related species. A cross-species 
comparison would certainly elucidate some of the patterns observed here, and it would be of 
particular interest to see how Pan might compare with humans because of similarities in body 
(and brain) size dimorphism; whereas a comparison with Pongo and Gorilla in sub-cortical 
structures might further elucidate the observed human pattern and perhaps lend insight into how 
patterns of sexual dimorphism may be conserved or allow for novelty in the hominid brain. It 
would be interesting to see if a higher degrees of body size dimorphism results in brain size 
dimorphism (even if small) that is allometric in a predicted sense, or if a dimorphism also allows 
for deviations from expectation.  
Secondly, to address the problems inherent in smaller than warranted sample sizes such 
as sampling error, it would certainly benefit the present analysis to include a larger sample size 
in humans, particularly of the younger cohort. Although the present sample is equal to or larger 
than many studies of human brain dimorphisms, the results presented here would only be 
enhanced by a larger number of younger individuals and perhaps a more even distribution 
between the age and sex cohorts. 
Following the work of Ionnandis, (2011) and Patsopoulos et al. (2007) whose meta-
analyses on problems of abnormalities in brain volume indicate a bias in the reporting of 
significance, it would be fruitful to conduct a meta-analysis investigating the potential over-
reporting of significant sex differences in studies of sexual dimorphism, as well as the sample 
size used in studies. Anecdotally, it does appear that the dimorphisms are highlighted in the 
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literature, while the studies whose results show similarities are not reported to the same degree. 
Also, it would be interesting to see how the chosen p-value for significance test (nearly always 
alpha greater than 0.05) bears on the results of studies, especially those looking at numerous 
variables. 
Investigations into clearer links between gonadal hormones, brain size, function, and the 
possible protection larger relative size provides against degenerative neurological states would 
certainly be of interest. Particularly since the majority of studies on the connection between 
goandal hormones and size of structures (such as the amygdala and hippocampus) have been 
done on rodent models or zebra finches and extrapolated to humans. 
As one of the big interests of this study it to explore (if only philosophically, as the data 
do not test these) the connections between cognition, behavior, and neurobiology, there are 
several avenues of exploration that would perhaps add to our understanding of the link between 
these various levels of analysis. For example, investigations into clearer links between gonadal 
hormones, brain size, function, and the possible protection larger relative size provides against 
degenerative neurological states would certainly be of interest. Particularly since the majority of 
studies on the connection between gonadal hormones and size of structures (such as the 
amygdala and hippocampus) have been done on rodent models or zebra finches and extrapolated 
to humans. 
Perhaps at this juncture in research into the problems of sex differences and variation in 
the human brain may indicate that volumes are a relatively crude measure of size, and that sex 
differences are better observed on a micro-scale. For example, studies looking at branching 
patterns of pyramidal neurons in the great apes (Semendeferi et al., 2010) could also be used to 
study sex differences and the effects of aging in humans. Also, Diffusor Tensor Imaging (DTI) 
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studies are increasing our understanding of functional differences between males and females 
best seen in the light of connections within and between regions of the brain. Investigations using 
DTI have demonstrated sex differences in the microstructure of brain such as myelination and 
tissue organization. An in-depth look at microstructural links between the cortex, basal ganglia 
and limbic structures and the thalamus might provide a fruitful comparison to studies of brain 
volumetrics. Although allometry per se, might be tested in such analyses, patterns of variation 
might be extracted that could be driven by differences in overall brain size, or may indicate 
differences that lead to fundamental differences in how men and women process information.  
Perhaps most interesting would be to expand on the multivariate analyses here by looking 
at morphological integration. This would help to address questions concerning the strength and 
pattern of selection on sub-cortical structures, and whether these differ between the sexes. This 
kind of analysis has already begun, with interesting results. A study on integration in sub-cortical 
structures in the brain could better get at some of the questions of interest including the patterns 
and magnitude of correlation within sub-cortical structures and whether selection may be acting 
more strongly on one region than another. The pattern and magnitude of variation within 
populations can tell us a great deal about similarity between closely related organisms 
(Ackermann and Cheverud, 2000). However, integration studies in animal forms have been 
typically been limited to skeletal anatomy (e.g., see figure 1 in Chernov and Magwene, 1999). In 
light of this, the present study offers a unique perspective into morphological integration of 
specific internal brain regions in humans, regions that are unmeasurable in fossil species, but can 
certainly give us insight into what brain size variation means, as whole brain volume is only a 
proximate indicator of what regional variation actually looks like. This is because sizes of 
specific brain regions are a closer approximation of use and disuse relative to whole brain 
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volume when evaluating the importance of structure in relation to population specific functioning 
of an organism. 
A morphological integration study of brain ontogeny (cross-species sample) would be 
crucial to addressing questions related to constraint vs. variation in primates. This kind of study 
would also help address the debate on constraint vs. mosaic patterns of change in brain evolution, 
and might in fact help pinpoint neurological regions that have been under selection pressures that 
differ between species, and between males and females. 
  Furthering studies on cross-order comparison between primates and cetaceans (Tartarelli 
and Bisconti, 2006; Marino, 2004) would be extremely interesting in providing information on 
variation in brain regions. Cetaceans diverged 55-60 million years ago from other mammalian 
groups, and are unique in that they have relatively large brain sizes (modern cetacean 
encephalization is second only to modern Homo sapiens), complex social organization and 
complex communication abilities. In ondontocetes (toothed whales) and mysticetes (baleen 
whales) certain neural adaptations are convergent with our own such as mirror neurons and an 
enlarged cerebral cortex relative to overall brain size and a relatively larger cerebellum (Marino, 
2009; Marino et al., 2007). Other researchers have found this comparison fruitful (Tartarelli and 
Bosconti, 2006), and investigations into convergently evolved structures involved in cognition 
may allow for testing of some of the selection pressures affecting primates and cetaceans while 
perhaps lending insight into the constraints and adaptations affecting these two lineages. 
A final question to think about is what do we mean by selection ‘acting on’ overall brain 
size? Is selection acting on brain size, or does it ‘act on’ regions within the brain? Or is selection 
acting on specific behaviors than then become translated into whole or partial brain size 
increases? Marino et al., (2006) along with other researchers (Sherwood et al., 2006; Streidter, 
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2005) have made the point that although relative brain size (the size of the brain or brain region 
relative to some measure of size) is important in determining how much of brain functioning is 
devoted to cognitive functioning across orders or other large taxonomic groupings (Marino et al., 
2006; Jerison, 1978) absolute brain size is an important feature as it appears that energy 
production genes and neuronal signaling are up-regulated in the human versus great ape brain 
(Sherwood et al., 2006). However, a study on genes in human fetal brains indicates that there are 
transcriptional differences in different regions of the cortex, (Johnson et al., 2009). These results 
along with experimental work on primates and other mammals supports the notion that selection 
has acted on particular regions of the brain independently of others, allowing for greater 
expansion of one region over the other (Rakic, 2009, 1996). So there may be a balance between 
selection at some level affecting the entire brain, and selection affecting functional regions 
within the brain. Parsing out the relationships between part-to-whole and further connecting the 
relationships between genetics, epigenetic events, size, and functionality would certainly lend 
insight into how selection acts to increase brain size over evolutionary time and in our lineage. 
In conclusion, sexual dimorphism in sub-cortical structures in the human brain appear to 
exist and also appear to be largely affected by overall brain size; however, size is not the only 
factor determining such differences as many of the observed differences are due to shape and 
other contributors to variance in the data. Age may have an effect, but more importantly is the 
importance of using a larger sample size for all age and sex categories would help in 
strengthening interpretations from any results generated from volumetric data. A number of 
unresolved questions are raised by this analysis-- most notably, how to integrate many different 
kinds of data in order to better understand the system of evolved changes of brain evolution in 
human, secondly, what did our hominin ancestors look like with regards to brain dimorphism, 
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and finally, at what point in human evolution did our brains become dimorphic in size? These 
questions can more adequately be addressed with a larger sample sizes, samples from several 
species, and an exploration of patterns of variation from several levels of analysis. 
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Chapter 8. Conclusion 
This thesis helps clarify the significance of sexual dimorphism in sub-cortical structures 
in the human brain. It suggests that the majority of sex differences in the regions of interest 
measured here are largely driven by overall brain size differences between the sexes, with some 
of the variation in the sub-cortices due to factors other than size such as functional and 
developmental relationships among regions. Additionally, the present project addresses problems 
relevant to studies of brain size dimorphism. These problems include methodological 
considerations of how sex differences in the brain are evaluated statistically and the problems of 
interpretation inherent in the use of relatively small sample sizes.  
Data from the present study indicate that different statistical methods can lead to different 
interpretations on the presence (or absence) of sexual dimorphism in the human brain. Notably, a 
focus on the variation in the data, in addition to mean size differences in absolute and 
proportional size,are invaluable to properly addressing the presence and patterns of the allometry 
of sex differences in the brain. They also indicate that the majority of past studies have not 
adequately addressed size and shape. Results from such studies have not explored the range of 
possible explanations for the patterns of variation in human sub-cortical structures and can more 
easily lead to erroneous interpretations. 
This study asks for caution by seriously and appropriately addressing allometry in studies 
involving regional brain size differences between the sexes, while looking to multivariate 
approaches with an eye to the evolutionary, developmental, and functional significance of the 
relationships between and among regions. Researchers are currently doing this to some degree in 
comparative studies of primates, but an integration of the many different levels of analyses (i.e., 
neuroanatomical, developmental, microstructure, genetic, functional, paleontological, 
288$$
$
populational, etc.) needs to take place in order to better understand this multifaceted and 
extremely complex system. 
 
8.1 Univariate and ratio analyses  
  
 This project supports much of what has been presented about human brain dimorphism: 
that most notably, males are larger for total unadjusted brain size and also for specific brain 
structures. The results here also suggest that once brain size is taken into account by ratios, 
several regions show no differences between the sexes, while others such as the hippocampus 
and the caudate nucleus show significant differences between males and females, with females 
larger. These results are in support of numerous studies on sexual dimorphism in the adult human 
brain (Gur et al., 2002; Filipek et al., 1994), and in contrast with others (Giedd et al., 1997). 
 
8.2 Bivariate analyses 
The results here also suggest that regressing each of the regions of interest measured here 
and evaluating the differences in slope and elevation, there are no differences between the sexes 
in terms of allometry, and therefore shape differences are achieved solely as a product of the 
larger on average size range that males occupy. This is in contrast with others who have argued 
that sex differences in regional brain volume are perhaps due to differences in hormonal profiles 
between males and females particularly during development, leading to volumetric differences in 
specific brain regions that are in turn linked to behavioral sex differences in the adult (Lenroot 
and Giedd, 2007; Hamann, 2005; Goldstein et al., 2001). This is not to suggest that differences 
between males and females are non-existent, just to caution what these sex differences, when 
they exist, actually mean as far as human behavior and evolution are concerned, and how does 
the use of animal models influence our interpretations. The use of animal models as explanations 
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for the patterns we see in humans must be done with careful consideration of their limitations 
and of the fact that they are just that: models of the thing and not the thing itself.  
Brain dimorphism in sub-cortical structures in terms of allometry provided a novel 
perspective on the within population scaling patterns in adult brains. The results from the 
bivariate allometric analysis support the hypothesis that males and females are allometrically 
scaled versions of one another. Most regions support the associated allometric pattern--wherein 
males and females are not significantly different from one another in terms of slope or intercept. 
Intriguingly, the majority of allometry observed is positive allometry for some structures in 
relation to total brain size and to the geometric mean. Why this is the case is not entirely clear, 
and methodological considerations such as the use of OLS regression over RMA regression may 
provide results that better model the neurobiological system analyzed here. The kind of 
regression analyses to employ has been under much debate (Fortsmeier, 2011; Houle et al., 2011; 
Smith, 2009). Each method has its benefits and detractions, and it appears that based on the 
structure of the present data set, RMA would be a good choice; however, two important 
characteristics of this data set help to make OLS a better choice. These characteristics include: 1) 
the relationship among total brain volume and sub-cortical structures can be better described as 
asymmetrical, and 2) the low correlations among certain variables may result in poor 
interpretability of the RMA regressions. However, alternatives such as a modified GLM 
proposed by Houle et al., (2011) for phylogenetic data would be a useful to explore in future 
analyses involving multiple species. 
Secondly, it may be that a more appropriate variable for “size” in this study is cerebral 
volume, and the sub-cortical structures measured are intimately tied with the cortex. However, 
studies commonly use total brain volume (Passé et al., 1997) or intracranial volume (Raz et al., 
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2003) as a size variable. It is also quite common for researchers to use cerebral cortex volume as 
a proxy for whole brain volume, and some even use the term “whole brain volume” when 
referring to cerebral cortex volume (e.g. see Leonard et al., 2008). Secondly, the neocortex scales 
with brain weight, and the neocortex is the same size as one expects for a primate (monkey or 
ape) of human brain size (Semendeferi et al., 2002; Armstrong, 1990). The neocortex expands 
with a slightly steeper slope than limbic structures, meaning that limbic structures are expected 
to scale with a slope of less than 1 relative to the size of the neocortex. However, the scaling 
expectations within and between species can be conflated and are unclear. The scaling 
expectations are important as allometric (scaling) relationships are considered to reflect adaptive 
relationships or developmental and functional constraints on the morphological traits in question 
(Pigliucci and Preston, 2004). 
In studies of brain allometry in human and non-human primates, Armstrong (1990) found 
that the limbic cortices are correlated with the size of overall brain volume. She found that 
humans, monkeys, and apes have the same relative size of limbic structures. In other words, in 
humans the amygdala and hippocampus are as large as would be expected in any anthropoid 
given the size of the human brain (Armstrong, 1982, 1986). This finding suggests that the limbic 
system serves the same relative importance in human and non-human anthropoid primate brains. 
However, her results didn’t address the question of how scaling of sub-cortical structures might 
occur within humans. The present study helps to address this problem, and the findings here 
indicate that there are no sex differences in slope between males and females for both younger 
and older adult age categories. 
There are a few important considerations when interpreting regional brain allometry and 
sex differences in brain structure. First, relatively larger brain regions reflect the neuronal 
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populations and functions that are important for the taxon being considered (Stephan et al., 1970).  
Secondly, relative size differences are often interpreted as indicating functional differences; 
however, changes in neurochemistry, circuitry, and physiological functions may affect function 
without changing relative size (Armstrong, 1985).  The allometric approach detects only a 
pattern of relative shape differences and cannot show how the outcome of the brain’s activities 
have changed; however, it is a necessary and powerful first step that many researchers either 
ignore or have only partially employed (Carne et al., 2006).  Also, intraspecific static allometry 
involving only adult members of a species cannot detect the process leading to the adult pattern 
(Leigh et al., 2003; Shea, 2002; Cheverud, 1982). For example, circulating hormones during 
development may play a key role in determining size dimorphisms in the human brain (Goldstein 
et al., 2001).  However, hormones have also perhaps been over-emphasized as size has been 
demonstrated to play a predominant role in differences between males and females, at least in 
regards to gray and white matter proportions (Leonard et al., 2008).  
 
8.3 Multivariate analyses 
Multivariate results support the hypothesis that the majority of variation among 
individuals is size, and that the second and subsequent principal components may describe 
connectivity patterns due to function and development. These results are preliminary, and 
certainly future studies involving larger sample sizes and several species for comparison may 
shed further light on this issue. Multivariate results also provide very preliminary evidence to 
suggest that males and females have different patterns of variation that seem to reside primarily 
in the amygdala. As the patterns of variation are generally very similar between males and 
females, one possibility is that selection is acting very similarly on males and females (with the 
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possible exception of the amygdala). A second possibility is that selection may be differentially 
acting on the sub-cortices as a whole, but constraints due to genetic correlation between the sexes 
imposes limits on the degree to which males and females can differ. However, testing for 
evolutionary processes of selection and constraint through patterns and magnitude of variation 
need to be done using additional methods such as Mantel’s test (Mantel, 1967) and eigenvalue 
variance (Pavlicev, et al., 2009). 
Results from the multivariate analysis indicate that perhaps the idea that the second 
principal component describing “shape” does not apply to volumetric data at least in the manner 
by which volumes are measured here. The variation that PCA helps to explain may be better 
understood by looking at functional and developmental relationships among regions. However, 
PCA did not fully answer some of these questions either. The results do, however, point to a few 
intriguing areas worthy of further exploration. For example, investigating how the amygdala may 
differ between sexes in a multivariate framework, particularly with regards to older males. Also, 
the paired loadings between the nucleus accumbens and the hippocampus that perhaps may be 
explained by functional connections between these two regions is also particularly intriguing, 
especially as they are regions that I would not have considered together at the outset of the study. 
As the points discussed above highlight, the multivariate analyses presented here do not 
completely resolve issues relevant to this study. For example, answers to the question that 
considers whether regions that are developmentally and functionally linked may be more tightly 
correlated with one another than with overall brain size are difficult to address solely using 
principal components analysis. 
 Analyses of sex differences in sub-cortical structures helps to address the debate of 
whether brain size changes are characterized by constraint or mosaic in nature (Finlay, 2010; 
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deWinter and Oxnard, 2001; Barton, 1998; Finlay and Darlington, 1995). The allometric results 
perhaps lends support for the idea that the majority of structures follow a constraint model, while 
the results from a multivariate analysis offer moderate support for mosaic pattern of regional 
brain volume between sexes and younger and older individuals. However, this is a difficult 
problem to address as the original Finlay and Darlington argument allows for a 2-3 fold 
difference in scaling across taxa in relative proportions of brain regions to still be considered a 
“constraint”. Secondly, certain brain regions themselves have become more specialized over 
time, with a single region becoming two or more in more neurally complex animals. The 
perspective of mosaic evolution promoted by Barton and others (Barton 2007, 2000; deWinter 
and Oxnard, 2001) argue for mostly constraint with some flexibility—a perspective that the data 
here give preliminary support for. Thirdly, testing the constraints model versus mosaic pattern of 
evolutionary change by looking at patterns of dimorphism within a single species would derive 
strength from a larger sample size, and also from an interspecific comparison. 
The question of whether or not sex differences in patterns of change in sub-cortical 
structures differentiated older and younger cohorts was not adequately addressed with the data 
available as I have an unequal number of observations for the two age cohorts presented.  I was 
able to explore differences between age cohorts; however, interpretations of these differences are 
weakened by the sample size difference between the older and younger cohort. A specific 
hypothesis that I was interested in testing--whether a breakdown in correlation structure occurs 
in older individuals-- was not testable. Although the data showed lower correlations in the older 
compared with the younger group, the younger cohort also had sample sizes that were not large 
enough to rule out the possibility that correlations were inflated due to small size. Although this 
project is certainly testament to the benefits of sharing data with data originally gathered for one 
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purpose used for a second—a more ideal data set to test the hypotheses presented would include 
a larger number of individuals and more equal distribution in different age and sex classes from a 
continuous sample of adults ages 18 through old age. 
 In fact, one of the many problems that studies on brain size variation face are multifacted: 
that the interest is in how the brain has evolved over time, how regional brain size and structure 
vary among individuals, between sexes, among populations, and among species. Thirdly, the 
question of how these gross measurements, however important in better understanding 
differences in neuroanatomy are done to better understand the underlying behaviors that the 
brain produces (and selection then acts on). Fourthly, the role of environmental versus genetic 
factors are of great interest as they speak to the flexibility and constraint available for selection to 
act on and can potentially disclose a great deal about the forces of selection acting on human 
behavior, and therefore the brain, which ultimately links overall morphology and physiology 
with behavior.  
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Appendix A 
 
Tables and Figures 
 
OLS regression figures for older males and females $
$
Figure A.1: Analysis of covariance for the nucleus accumbens regressed on total brain volume in older males (red) 
and older females (blue). 
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Figure A.2: Analysis of covariance for the amygdala regressed on total brain volume in older males (red) and older 
females (blue). $
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Figure A.3: Analysis of covariance for the caudate nucleus regressed on total brain volume in older males (red) and 
older females (blue). $
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Figure A.4: Analysis of covariance for the hippocampus regressed on total brain volume in older males (red) and 
older females (blue). $
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Figure A.5: Analysis of covariance for the pallidum regressed on total brain volume in older males (red) and older 
females (blue). $
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Figure A.6: Analysis of covariance for the putamen regressed on total brain volume in older males (red) and older 
females (blue). $
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Figure A.7: Analysis of covariance for the thalamus regressed on total brain volume in older males (red) and older 
females (blue). $
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OLS$regression$figures$for$younger$males$and$females$$
$
Figure A.8: Analysis of covariance for the nucleus accumbens regressed on total brain volume in younger males 
(red) and younger females (blue). $
337$$
$
$
Figure A.9: Analysis of covariance for the amygdala regressed on total brain volume in younger males (red) and 
younger females (blue). $
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Figure A.10: Analysis of covariance for the caudate nucleus regressed on total brain volume in younger males (red) 
and younger females (blue). $
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Figure A.11: Analysis of covariance for the hippocampus regressed on total brain volume in younger males (red) 
and younger females (blue). $
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Figure A.12: Analysis of covariance for the pallidum regressed on total brain volume in younger males (red) and 
younger females (blue). $
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Figure A.13: Analysis of covariance for the putamen regressed on total brain volume in younger males (red) and 
younger females (blue). $
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Figure A.14: Analysis of covariance for the thalamus regressed on total brain volume in younger males (red) and 
younger females (blue). 
 
 
 
 
 
  
343$$
$
Correlation matrix and principal components of raw values 
 
Table A.1: Correlation matrix of seven sub-cortical structures (N=189) 
  Accumbens Amygdala Caudate Hippo- 
campus 
Pallidium Putamen Thalamus 
Accumbens 1.000 0.279 0.350 0.593 0.371 0.554 0.591 
Amygdala 0.279 1.000 0.430 0.370 0.307 0.353 0.426 
Caudate 0.350 0.430 1.000 0.333 0.333 0.519 0.529 
Hippocampus 0.593 0.370 0.333 1.000 0.400 0.524 0.611 
Pallidium 0.371 0.307 0.333 0.400 1.000 0.435 0.408 
Putamen 0.554 0.353 0.519 0.524 0.435 1.000 0.678 
Thalamus 0.591 0.426 0.529 0.611 0.408 0.678 1.000 
All values are raw (untransformed) values. 
 
 
Table A.2: Eigenvalues of the correlation matrix of seven sub-
cortical structures (N=189) 
  Eigenvalue Difference Proportion Cumulative 
1 3.730 2.878 0.533 0.533 
2 0.852 0.160 0.122 0.655 
3 0.692 0.056 0.099 0.753 
4 0.635 0.231 0.091 0.844 
5 0.404 0.015 0.058 0.902 
6 0.390 0.092 0.056 0.958 
7 0.298   0.043 1.000 
All values are raw (untransformed) values. 
 
 
Table A.3: Eigenvectors of the correlation matrix of seven sub-cortical structures (N=189) 
  Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
Accumbens 0.387 (0.748) -0.449 -0.157 0.105 0.654 0.430 0.007 
Amygdala 0.308 (0.595) 0.648 0.013 0.637 -0.018 0.275 0.055 
Caudate 0.351 (0.678) 0.503 -0.214 -0.517 0.409 -0.366 0.096 
Hippocampus 0.395 (0.764) -0.335 -0.048 0.418 -0.099 -0.680 0.286 
Pallidium 0.321 (0.620) -0.014 0.930 -0.148 0.054 -0.008 -0.086 
Putamen 0.422 (0.814) -0.082 -0.120 -0.339 -0.534 0.377 0.508 
Thalamus 0.441 (0.852) -0.070 -0.220 -0.068 -0.326 -0.024 -0.800 
For principal component 1, in parentheses the correlation between the first principal component and the 
original variable. All values are raw (untransformed) values. 
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a)           b)  
 
Figure A.15: Scree plots of the eigenvalue variance and proportion of variance explained by the seven principal 
components for the PCA on the correlation matrix of raw (untransformed) values. a) Scree plot of the distribution of 
eigenvalues for the seven principal components of the correlation matrix of raw (untransformed) values. b) The 
proportion of the total variance explained by each of the principal components. Cumulative variance depicted as a 
dashed line.  
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Figure A.16: Component Scores Matrix for the PCA of the correlation matrix on log-transformed variables 
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Figure A.17: The correlation between each of the principal components and the seven sub-cortical structures. 
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Figure A.18: Component pattern for principal component 2 and principal component 1 for the seven sub-cortical 
structures 
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Covariance matrix and principal components of log-transformed variables 
 
Table A.4: Covariance Matrix of Log-Transformed Variables 
  Accumbens Amygdala Caudate Hippo-
campus 
Pallidium Putamen Thalamus 
Accumbens 0.067 0.014 0.011 0.018 0.021 0.017 0.017 
Amygdala 0.014 0.041 0.010 0.007 0.013 0.008 0.011 
Caudate 0.011 0.010 0.015 0.005 0.008 0.007 0.008 
Hippocampus 0.018 0.007 0.005 0.015 0.010 0.007 0.009 
Pallidium 0.021 0.013 0.008 0.010 0.044 0.011 0.011 
Putamen 0.017 0.008 0.007 0.007 0.011 0.014 0.009 
Thalamus 0.017 0.011 0.008 0.009 0.011 0.009 0.015 
Total Variance= 0.210472823 
 
 
Table A.5: Eigenvalues of the Covariance Matrix 
  Eigenvalue Difference Proportion Cumulative 
1 0.111 0.074 0.528 0.528 
2 0.038 0.009 0.179 0.707 
3 0.028 0.014 0.134 0.842 
4 0.014 0.005 0.066 0.907 
5 0.009 0.003 0.043 0.951 
6 0.006 0.001 0.028 0.978 
7 0.005   0.022 1.000 
     
 
 
 
Table A.6: Eigenvectors of Log-transformed Variables Covariance Matrix 
  Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
Accumbens 0.669(0.223) -0.616 0.212 -0.291 -0.204 0.008 -0.019 
Amygdala 0.343(0.114) 0.700 0.520 -0.341 0.027 -0.041 0.056 
Caudate 0.204(0.068) 0.167 0.088 0.600 -0.592 0.446 0.116 
Hippocampus 0.255(0.085) -0.058 0.004 0.198 0.719 0.501 0.354 
Pallidium 0.432(0.144) 0.308 -0.820 -0.198 -0.074 0.026 -0.028 
Putamen 0.255(0.085) 0.016 -0.012 0.439 0.075 -0.729 0.453 
Thalamus 0.276(0.092) 0.060 0.068 0.409 0.281 -0.129 -0.808 
For principal component 1, in parentheses the correlation between the first principal component 
and the original variable. 
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a)           b)  
 
Figure A.19: Scree plots of the eigenvalue variance and proportion of variance explained by the seven principal 
components for the PCA on the covariance matrix of log-transformed values. a) Scree plot of the distribution of 
eigenvalues for the seven principal components of the covariance matrix of log-transformed values. b) The 
proportion of the total variance explained by each of the principal components. Cumulative variance depicted as a 
dashed line. 
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Figure A.20: Component Scores Matrix for the PCA of the correlation matrix on log-transformed variables 
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Figure A.21: The correlation between each of the principal components and the seven sub-cortical 
structures. 
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Figure A.22: Component pattern for principal component 2 and principal component 1 for the seven sub-cortical 
structures 
 
 
 
 
 
 
 
 
